
ed, but it is equivocal (12). The 1968 
Borrego Mountain earthquake shows a pat- 
tern similar to that of the Landers event: 
The rupture appeared to hesitate at a dila- - - 
tational stepover, where surface slip was a 
minimum (1 3), but geodetic surveys show 
no clear minimum in slip at depth at the 
stepover (1 4). 

Our observations of fault zone-guided - 
waves are consistent with some aspects of 
existing fault-zone rupture models. The sep- 
aration of simple crack by a barrier is a 
feature of the specific barrier model (1 5). For 
an M7.4 event, this model predicts that 
cracks have a diameter of 15 km, close to the 
dimension of the waveguides that we ob- 
served. Other models describe alternation 
between rupture near the Rayleigh velocity 
and slower rupture propagation (1 6). 

We interoret the Landers ruoture as a 
combination of rapid rupture on planar 
fault surfaces and hesitation at fault surface 
complexity. The rupture history is a func- 
tion of fault geometry rather than available 
strain energy. Hesitancy is an important 
determinant of rupture energetic and strong 
motion. The abilitv to use guided waves to - 
locate the fault plane precisely furthers an 
understanding of the rupture process (1 7). 

It is not clear whether the fault zone 
waveguide originated primarily during the 
recent Landers earthquake or whether it 
represents a wear zone that has accumulated 
over geological time. In the former view, 
which has its roots in fracture mechanics, 
the waveguide may represent the width of 
the process zone, a zone of inelastic defor- 
mation around the propagating crack tip. 

Theoretical work or fault mechanics sug- 
gests that PIL is of order lop2. where P is the - 
dynamic process zone width and L is the 
rupture length (18). If we take L = 30 km, 
the length of the two main subfaults, P is 300 
m, which is consistent with our observations 
of the width of the fault zone waveguide. This 
value is not conclusive as to the origin of the 
waveguide, however, because the same scal- 
ing arguments yield a total fault displacement, 
d. of 200 m to 2 krn. which is a reasonable 
value for the recent net offset of the faults. 
Our data do not indicate that the fault zone 
has widened with depth. The 200-m width of 
the waveguide is consistent with the theoret- - 
ical modeling of other seismic parameters 
(1 9). Because the waveguide disrupted at the 
fault bend and the rupture hesitated at the 
bend, which would tend to reduce P, we 
tentatively conclude that the waveguide is the 
result of dynamic rupture during the Landers 
event. 
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Stepwise Formation of Multilayered Nanostructural 
Films from Macromolecular Precursors 

Elaine R. Kleinfeld and Gregory S. Ferguson* 
Sequential adsorption of a cationic polyelectrolyte and individual sheets of the silicate 
mineral hectorite has allowed controlled, stepwise formation of multilayered films on silicon 
wafers. Each component adsorbs rapidly by an ion-exchange mechanism, and x-ray 
diffractometry indicates structural order even in films with thicknesses greater than 0.2 
micrometer. The large lateral extent of the silicate sheets (about 25 to 35 nanometers) 
allows each layer to cover any packing defects in the underlying layer, thus preserving 
structural order in the growing film. With careful choice of component materials, this method 
should allow for the preparation of multilayered films with a variety of technologically 
important properties. 

Ultrathin films and multilayered structures 
are important for many applications, in- 
cluding x-ray optics ( I ) ,  nonlinear optics 
( 2 ) ,  and microelectronics (3, 4), and are 
under investigation for use as chemical 
sensors (5). Langmuir-Blodgett (LB) depo- 
sition (6-8) of preformed monolayers from 
a gas-liquid interface to a solid planar sub- 
strate can provide well-ordered, densely 
packed mono- and multilayered systems 
useful for these applications. Unfortunate- 
ly, LB multilayers are mechanically unsta- 

ble, held together primarily by vap der 
Waals forces (7, 8). Spontaneous self-as- 
sembly (SA) of molecular adsorbates onto 
solid substrates (7) can also provide densely 
packed monolayers and has recently been 
extended to the formation of multilayers in 
selected systems (5, 9, 10). The presence of 
covalent bonds or ionic attraction between 
layers provides additional stability not seen 
in LB systems; however, in many SA sys- 
tems, adsorption of multilayers displaying 
structural order has proven difficult. In this 
report, we describe a method for the step- 

Department of Chemistry, Lehigh University, Bethle- wise preparation of ordered multilayered 
hem, PA 1801 5, USA. films from ultrathin (-1 nm) layers of 
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Films with thicknesses greater than 0.2 Frn 
have been prepared that have sufficient 
structural order to diffract x-rays. 

Our approach involves sequential ad- 
sorption of the polyelectrolyte polydiallyl- 
dimethylammonium chloride (PDDA) (1) 

and exfoliated sheets of synthetic hectorite, 
a mica-type layered silicate [Laponite RD 
(1 I)]. When stirred in water, this silicate 
mineral exfoliates into crystalline, quasi- 
two-dimensional sheets that are 0.96 nm 
thick and about 25 to 35 nm in diameter. 
The sheets bear a negative charge, which is 
balanced in the precursor by interlamellar 
sodium cations that can undergo ion ex- 
change reactions with other cationic mate- 
rials (12-14). Our choice of PDDA for this 
study reflects the strong affinity of hectorite 
and related minerals for tetraalkylammo- 
nium com~ounds (1 5 ) .  ~, 

To prepare a substrate for a multilayered 
structure, a (100)-oriented single-crystal 
silicon wafer bearing a native oxide was cut 
into small pieces (- 1 cm by 2 cm) and then 
cleaned to provide a hydroxylated surface 
(1 6). A 5% (w/w\ aqueous solution of 
PDDA was dripped onto this substrate, and 
after -5 s, it was rinsed with water and 
blown dry with nitrogen. Subsequently, a 
0.2% (wlw) aqueous dispersion of hectorite 
was drivped onto the surface. and after -5 

Optical ellipsometry was used to moni- 
tor the growth in thickness of the multi- 
layer structures. In a typical cycle, - 1.1 nm 
of polymer and -2.1 nm of silicate were 
adsorbed (Fig. 1A). The ellipsometry indi- 
cated a linear increase in the thickness of 
the structures with the number of adsorp- 
tion cycles (Fig. 1B) (18). The average 
thickness added per adsorption cycle in- 
creased slightly as the number of cycles 
increased, from -3.2 nm after five cycles to 
-3.6 nm after 60 cycles. The thickness of 
the multilayer samples was remarkably 
even: Ellipsometric measurements taken on 
any single hectorite-terminated sample typ- 
ically agreed to within +2%, and the ma- 
jority of samples showed less than one-half 
of that variability. Sample-to-sample repro- 
ducibility was also very good. Three sam- 
ples prepared on different days with 22 
cycles had average thicknesses within 2% 
of one another. If the adsorption times 
were doubled, to 10 s, the average amount 
of each component that was adsorbed onto 
the sample surface varied by -0.1 nm or 
less, which is within experimental error. If 
adsor~tions were allowed to ~roceed for 
extended times (15 min), however, the 
averaee thickness added in each of the first " 
five cycles increased from -3.2 to -3.8 
nm. 

As an increasing number of layers was 
adsorbed, samples progressed through a se- 
ries of well-defined colors because of inter- 
ference effects, as has also been noted for 
LB (6, 8) and SA (9) multilayered systems. 
No cloudiness was observed in the samples, 
and the colors were uniform. with onlv a . . 

s, it was rinsed with water and blown dry small region (less than 1 mm wide) at the 
with nitrogen. By repetition of this simple sample edges showing nonuniformity. 
two-step adsorption cycle (Scheme I), films At the outset of this work, we expected 
thicker than 0.2 km could be prepared in the hectorite to be adsorbed onto the sam- 
less than 2 hours. An x-ray photoelectron ple surface in a controlled manner by ion 
survey spectrum of a silicon substrate that exchange of the ammonium groups of the 
had been treated with PDDA, then hecto- surface-bound polymer for the alkali metal 
rite, and then PDDA confirmed the pres- counterions of the anionic hectorite sheets. 
ence of those elments in the silicate and the Once the surface was covered with a layer 
polymer: Si, 0, Mg, C, N, and C1 (1 1). The of hectorite, further adsorption of the sili- 
absence of sodium, which is Dresent in the cate should be inhibited bv coulombic re- 
precursor mineral gs an interiamellar coun- pulsion between the anioiic sheets. The 
terion, indicates that it had been exchanged adsorption of approximately two hectorite 
for the cationic polymer. The low expected layers (2.0 to 2.2 nm) per adsorption cycle 
concentration of lithium on the surface and indicates that some of the polymer is asso- 
the low sensitivity factor of the Li 1s orbital ciated sufficiently loosely with the surface 
explain the absence of this peak (1 7). that it is displaced in the subsequent hec- 

Scheme 1. 

torite adsorption and becomes the "glue" 
for addition of a second layer of hectorite 
(Scheme 1). Consistent with this proposed 
mechanism, the amount of hectorite ad- 
sorbed in a  articular cvcle could be con- 
trolled by varying the amount of polymer 
adsorbed in that cycle (19). Furthermore, 
only a single layer of hectorite was adsorbed 
onto a single layer of a monomeric ammo- 
nium salt that was covalently bound to the 
silicon substrate (20). Ion exchange has 
been used for the adsorption of composite 
films (21), but the combination of structur- 
al order and 1- to 2-nm lattice spacings that 
characterize PDDA-hectorite multilayers 
has not been seen ~reviouslv. 

Because the hectorite sheets in a single 
adsorbed layer will have packing imperfec- 
tions (that is, open space at their bound- 
aries), the linearity of multilayer growth 
(Fig. 1B) indicates that this system is self- 
healing with respect to addition of subse- 
quent layers. We infer that the large lateral 

- 
5 Adsorption step 
0 - 

0 5 10 15 
Number of cycles 

Fig. 1. Ellipsometric thickness of a multilayered 
structure on a single-crystal silicon substrate as 
a function of the number of adsorption cycles 
for (A) individual steps in five cycles (P, poly- 
mer; H ,  hectorite) and (B) 15 and (inset) 60 
complete PDDA-hectorite cycles. Lines shown 
in (B) are best fits to the data. The native oxide 
on silicon is not included in the reported thick- 
nesses. 
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extent of the sheets allows coverage of 
regions where the underlying layer is in- 
complete. In contrast, other multilayer 
preparations that rely on the formation of 
each layer through reaction of individual 
adsorbed molecules with molecules from 
the contacting solution are less able to 
recover lost order; in such systems, defects 
may occur to create umeactive patches that 
do not participate further in multilayer 
growth, resulting in a decay in structural 
order as an increasing number of layers is 
added (9, 22). 

The x-ray dibct ion (XRD) data pro- 
vided additional evidence for the presence 
of structural order in PDDA-hectorite mul- 
tilayered films (23). A grazing-incidence 
XRD pattern of a multilayer formed by 60 
adsorption cycles is shown in Fig. 2. The 
peak at 20 = 6.1°, a (001) reflection, 
corresponds to a layer spacing of 1.45 + 
0.03 nm; (003), (004), and (005) reflec- 
tions, found at 18.4", 25.1°, and 30.8", 
respectively, indicate layer spacings of 1.44 
+ 0.02, 1.42 + 0.02, and 1.45 + 0.03 nm 
(24). These spacings are consistent with an 
ABABAB alternation of the silicate sheets 
(0.96 nm thick) with polymer layers that 
are -0.4 to 0.5 nm thick. We expect that 
the silicate lattices in adjacent layers lack 
registry (25), causing an increase in the 
breadth of the (004) peaks (26). Because of 
this extraneous source of broadening, appli- 
cation of the Scherrer equation (27) to the 
(001) reflection (full width at half height, 
1.6") can only provide a lower limit (5.1 
nm) to the size of ordered domains in the 
direction normal to the substrate surface 
(26). Additional peaks in the XRD pattern 
can be attributed to the substrate because 
they also occurred in diffractograms of bare 
silicon wafers (28). The absence of reflec- 
tions corresponding to the hectorite start- 
ing material indicates that no intact three- 
dimensional crystallites of the precursor 
have been incorporated into the structure, 
and the absence is also consistent with the 

(29). The tendency of exfoliated silicate 
sheets to restack in a parallel arrangement 
has been well established (14, 25). 

Atomic force microscopy (AFM) was 
used to examine the surface topography of 
the multilayered samples. An image of a 2 
pm by 2 pm area on a sample that had 
been treated with one PDDA-hectorite 
adsorption cycle (Fig. 3A) (30), obtained 
in attractive (noncontact) mode, reveals 
the individual hectorite sheets adsorbed at 
the sample surface. A sample that had 
been treated with five adsorption cycles 
gave a similar AFM image, and an image 
of a clean wafer was nearly flat. A repre- 
sentative trace across the surface (Fig. 3B) 
gives an idea of the lateral dimension of 
individual platelets and the roughness of 
the surface. 

The ~re~arative method described here . . 
offers a potentially powerful strategy for 
building ordered organic-inorganic thin 
films with systematic control over both 
structure and thickness. It should be readily 
adaptable to other systems that incorporate 
other substrates, included molecules, and 
inorganic sheets (31). The use of gold 
substrates, for example, coated with an 
w-mercaptoalkylamrnonium compound to 
promote adsorption of the first silicate lay- 
er, should allow electrodes to be prepared 
with complex but controllable bamer layers 
and allow evaluation of the performance of 
these multilayered structures as electrical 
insulators (4, 32), dihsional bamers (1 3), 
or mediators for electron transfer (33). 

sheets being preferentially oriented parallel 
or near parallel to the substrate surface 

. , 
Deposition of crystalline materials onto 
sheet silicates, including oxides (34) and 
metals (33, has been demonstrated, indi- 
cating that our multilayer films may be of 

Fig. 2. The x-ray diffractogram of a sample that 
had been treated with 60 adsorption cycles 
(28). The basal reflections indicate a lattice 
spacing of -1.4 nm. 

Trace distance (pn) 

Flg. 3. (A) An AFM image, obtained in attractive 
mode, of a sample that had been treated with 
one adsorption cycle. The image has been 
flattened. (B) Trace taken horizontally, about 
one-fourth of the way up from the bottom of the 
image shown in (A). 

interest as substrates for growth of other 
materials. Metal-terminated structures. for 
example, may be of particular interest as 
metal-insulator-semiconductor (MIS) or 
metal-insulator-metal (MIM) devices (4). 
Preparation of multilayer assemblies with 
nonlinear optical activity (2, 36) may be 
possible if polar molecules (monomeric or 
~olvmeric) can be oriented noncentrosvm- . , 
metrically between inorganic sheets. Final- 
lv. ada~tation of this method to other , , 
layered materials with known intercalation 
chemistry, including metal dichalcogenides 
(29), metal halides (37), and layered metal 
oxides such as V,O, (38) and FeOCl (39), 
may allow stepwise preparation of multilay- 
ered structures with a range of electronic 
band gaps. 
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Size Dependence of a First Order Solid-Solid 
Phase Transition: The Wurtzite to Rock Salt 

Transformation in CdSe Nanocrystals 

S. H. Tolbert and A. P. Alivisatos 
Measurements of the size dependence of a solid-solid phase transition are presented. 
High-pressure x-ray diffraction and optical absorption are used to study the wurtzite to rock 
salt structural transformation in CdSe nanocrystals. These experiments show that both the 
thermodynamics and kinetics of this transformation are altered in finite size, as compared 
to bulk CdSe. An explanation of these results in the context of transformations in bulk 
systeins is presented. Insight into the kinetics of transformations in both bulk and nano- 
crystal systems can be gained. 

Studies of phase transitions in condensed 
phases have generally assumed that pressure, 
temperature, and composition are the only 
variables of importance in determining stable 
states of materials. The reduction of melting 
temperature in finite size clusters (1, 2 ) ,  how- 
ever, has proven that the physical extent of a 
material can, also be an important variable in 
determining transition points. Recently, stud- 
ies of clusters in both the gas and condensed 
phases have led to numerous instances in 
which one bonding geometry appears to be 
favored over others in finite size, as compared 
to the bulk (3). To help understand these 
observations, we investigated the relative sta- 
bility of two different solid bonding geome- 
tries in clusters as a function of the size. Our 
goal was to force a nanocrystal system be- 
tween two solid structures and measure the 
energy difference between them. We 
achieved this goal through the application of 
very high pressures. 

This study of the size dependence of a 
solid-solid ~ h a s e  transition also reveals im- 
portant'dynamical effects that are not ob- 
served in size-dependent melting. In a bulk 
system, the thermodynamic definition of a 
phase transition is the point where the 
fluctuation length scale diverges. In a 
nanocrystal, this length scale is intrinsically 
limited by the size of the crystallite. Addi- 
tionally, in most inorganic solid-solid tran- 
sitions, there is a substantial barrier to 
transition at room temuerature. As a con- 
sequence, the bulk solid converts at a pres- 
sure well above its thermodynamic transi- 
tion pressure. This barrier is usually related 
to the fragmentation of bulk materials into 
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finite domains upon transition. Because 
nanocrystals are substantially smaller than 
these domains, it is likely that the barriers 
to transition will be altered at finite sizes. 
By studying structural transformations in 
nanocrystals, we can learn about the nature 
of the barrier and the dynamics of the 
transition in bulk as well as in nanocrystals. 

While understanding the altered stability 
in finite size is of fundamental interest, it also 
has practical implications in a variety of fields 
ranging from microelectronics and materials 
science to geophysics. Variation in stability 
with size could provide the materials scientist 
with a method for control of the properties of 
materials. By using nanocrystals whose surface 
can be deliberately altered, one may be able to 
vary the phase diagram at will. In geophysics 
as well, the notion of a domain size depen- 
dence of high-pressure and high-temperature 
phase transitions could affect our understand- 
ing of stable states. 

The system that we have chosen for these 
experiments is CdSe semiconductor nanocrys- 
tals. Recent developments in synthetic meth- 
ods make this a particularly well controlled 
and characterized test system. Nearly mono- 
disperse, spherical nanocrystals ranging in ra- 
dius from 10 to 30 A can now be produced (4, 
5). Unlike the many nanocrystalline materials 
that appear to be amorphous, these nanocrys- 
tals have a wurtzite structure and are highly 
crystalline, with less than one fault per crys- 
tallite (6). The fact that these nanocrystals 
are synthesized in the condensed phase adds 
an important degree of control to the sample 
preparation by allowing for chemical surface 
derivatization. This combination of properties 
makes this an ideal system for testing the 
effect of finite size on stable structures. 

Bulk CdSe undergoes a phase transition 
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