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Glienickerstrasse 100, D-15109, Berlin, Germany Figure 1. 1um x 1um AFM phase (a) and topography (b,c) images of
PDDA/CdTe (a, b) and PDDA/CdTe/PDDA (c). As evidenced by image

Receied March 21, 2001 (a), CdTe forms dense films in both dark and bright areas of (b) and (c).
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chemical vapor deposition, are required for their prepar&tion.

Layer-by-layer assembly (LBL)enables effective processing  Taking advantage of the simplicity and universality of the LBL
of semiconductor, metal, or metal oxide nanoparticle (NP) assembly, one can build graded semiconducting material by laying
dispersions into functional advanced materials, which retain water soluble NPs on a substrate in a sequence from smaller to
distinctive optical, magnetic and electrical qualities of size- bigger sizes. Because of the strong size-dependence of the NP
quantized state of matté?.In an optimized LBL deposition, when  conduction and valence band energies, a layer sequence with a
the UV—vis absorption density linearly increases with the number gradual change of NP diameters creates an intrinsic ramp of hole
of deposition cycles, the packing and thickness of NPs is and electron potential.
reproduced from layer to layer. For LBL pairs with strong both The model graded films were prepared from highly luminescent
electrostatic and van der Waals interactions between NPs andCdTe NPs (quantum yield ¥320%) stabilized by thioglycolic
polyelectrolytes* there is little (if any) restructuring of the NP acid with a partner polyelectrolyte poly(diallyldimethylammonium
layer during the polyelectrolyte depositiéifter coating with chloride), MW 400,008-500,000, (PDDA). CdTe NPs of different
polyelectrolyte, the NPs become virtually immobile in the densely diameters were synthesized according to the published procedure.
packed multilayer stack. The tight packing of NPs makes possible The synthesized CdTe NPs had high affinity to PDDA and easily
the design of materials with intentional inhomogeneity by formed densely packed layers (Figure 1a), which differed them
depositing LBL bilayers in a certain sequence. The order of the from films made by the LangmuitBlodgett techniqués Besides
layers can be used as a powerful tool for optimizing diverse the reduction of film roughness (apparently due to preferential
functional properties of layered nanostructured materials from polyelectrolyte adsorption between NPs), the morphology of the
biological to electroni@5 layers did not change significantly after the deposition of the

In this communication, we show the possibility of the LBL PDDA layer on top of CdTe (Figure 1b,c), which indicated that
production of one-dimensionally graded semiconducting films. the original closely packed structure was retained.
The latter demonstrate exceptional capabilities as photodetectors, The graded NP films were assembled by using four different
bipolar transistors, waveguides, light-emitting, nonlinear optical, CdTe dispersions with luminescence maxima at-4585, 536~
magnetooptical, and high-speed devitdhis type of materials 545, 570-585, and 605620 nm which display respectively
also reveals new phenomena in charge injection, charge carriergreen, yellow, orange, and red luminescence (Figure 2a) and
dynamics, and light-trappingHowever, graded semiconductors  which will be referred to accordingly. Layer-by-layer assembly
are difficult to make, and expensive, complex, and hazardous was carried out on glass and plastic substrates and typicallp5
techniques, such as molecular beam epitaxy and plasma-enhance@dTe NP bilayers of each of four luminescent colors were
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Figure 4. (a) Cross-sectional confocal microscopy image of the graded
LBL film of CdTe NPs made of 10 bilayers of “green”, “yellow”,
“orange”, and “red” NPs (total 40). Small NPs are assembled in the lower
part (green and yellow luminescence), while bigger NPs are assembled
on top of them (orange and red luminescence). The total thickness of the

WAVELENGTH, nm film was estimated to be 226 20 nm by the same technique. (b)
Figure 2. Luminescence spectra of (a) exemplary CdTe NPs used in Schematic ar_ran_gement of the c_onduction (CB) and valence (VB) energy
this work and (b) thin films obtained after the sequential deposition of !evels of the filmin (a). The axes in (a) and (b) show the property gradient.
five bilayers of (1) “green”, (2) “yellow” (3) “orange”, and (4) “red”
CdTe.

a cross-sectional image without physical sectioning of the film
was obtained (Figure 4). The image clearly shows the gradual
change of the luminescence emission wavelength from green in
the bottom to red on the top of the stack and the corresponding
increase of the NP diameters. The schematic dependence of the
valence and conduction band energies on the position along the
axes normal to surface of the film is given in Figure 4b. There
was a certain degree of interpenetration of the nanoparticle layers,
which is reflected by the overlap of the energy distribution in
each layer.

The combination of size quantization and gradient nature of
the material opens a possibility for new optical and electrical
effects as well as for the optimization of existing applications of
NP thin films based on charge transfer. The benefits of the graded
media and ordered LBL assemblies were already demonstrated
by the markedly better light-emitting performance when the
homogeneous media in polymer light-emitting diodes was re-
to the original spectra of CdTe NPs, some prevalence of the redPlaced with spatially organized ofieAt the same time, one needs
emission (red-shift) should be attributed to the excitation energy © Point out that the physical distance, for which programmed
transfer from smaller NPs to bigger oriés. change in properties in the LBL films can be obtained, is greater

To evaluate the internal structure of the gradient CdTe film, it than in vacuum epitaxial methodlts lower limit is set by the
was assembled on a flexible cellulose acetate substrate adntrinsic roughness of the LBL layers and the average diameter
described in ref 11. A cross-sectional slice of the NP stack was SPecies (Figure 1) being deposited in from cycle to cycle. For
analyzed by transmission electron microscopy (TEM). The PDDA/CdTe multilayers, the characteristic distances of graded
asymmetry of the film could be seen in the difference of electron Properties should exceed ca.100 nm, that is, be several times
diffracting power of the “red” and “green” sides of the assembly 9greater than height variations in individual layers or nanoparticle
(Figure 3a,b). The layers of bigger NPs appear noticeably darker diameters. Importantly, this limitation does not prevent the NP
in the TEM image due to the greater percentage of heavier layers to be organized on a scale smaller than the wavelength of
elements on this side of the multiplayer stack (Figure 3a,b). As the visible light. One can engineer polarizability, refractive index
expected, the high-resolution TEM images of single NPs in the @nd other parameters on the molecular level in such assemblies,
network of the polyelectrolyte matrix (identified as areas of CdTe SO that the overall interaction of electromagnetic wave with the
crystallinity) were observed to be different, being2nm in the film will be significantly different than in the traditional optically
“green” and “yellow” parts and 56 nm in the “red” side of the  uniform material, which is likely to lead to unique photonic and
assembly (Supporting Information), which correlates well with €lectronic devices.
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Figure 3. Transmission electron microscopy images of cross-sections
of a graded film made from five bilayers of “green”, “yellow”, and “red”
(total 15) NPs with different magnification.”
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