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The phase mismatch 9, including nonlinear
terms, is

Y = (2Br — Ba—Bs) ~ (3P, + 6Py + 6P)

nyw,
2¢nA g

where w, is the angular frequency of the anti-
Stokes light, n is the refractive index, c is the
velocity of light in vacuum, », is the nonlinear
refractive index of hydrogen, and the linear
wavevectors are B, = w;n/c (including the dis-
persion of the gas and the waveguide). For our
experimental parameters (P, ~ Pg ~ 100 W,
n = 1, resonant n, = 12’ 10~ m*W, an
interaction length L ~ 0.1 m, and 4, = 150
pm?), we obtain P, = 3 X 10* sin > JL)W.
Evaluation of the phase mismatch assuming (as
a rough approximation) perfect metallic bound-
ary conditions at the core boundary (12) yields
JL ~ 1000 (the nonlinear term is negligible),
which when taking the peaks of the sin ¢?
function yields P, ~ 0.04 W, which is some
25 times smaller than the experimental mea-
surement of 1 W.

Equation 3 also shows that even under
exact phase matching, the anti-Stokes power
will increase only as the square of distance. In
the data, however, the rate of growth is much
faster. Indeed, the ratio P A/(zPl,\/i’;)z,
which might be expected to be constant for
perfect phase matching (3 = 0), actually
increases exponentially with distance in the
experiments. This could be explained through
a self-focusing phenomenon that reduces the
effective area so as to enhance the four-wave
mixing process and the phase matching.
What is clear is that we are operating in a new
parameter regime of extremely high, well-
controlled Stokes and pump intensities over
long interaction distances.

After peaking at z ~ 35 cm, the Stokes
signal drops strongly, as already discussed.
At the same time, the anti-Stokes power
drops at a rate of only ~2 dB/m; that is, less
quickly than the intrinsic linear attenuation (3
dB/m) of the HC-PCF, suggesting that some
anti-Stokes gain is still present. Finally, at
z > 55 cm, the attenuation of all three com-
ponents settles down to ~3 dB/m, corre-
sponding to the linear loss of the HC-PCF.

The highest observed Stokes conversion
efficiency was 30 * 3%, occurring at z = 32
cmand E_ = 4.5 wl. The conversion efficien-
cy is evidently limited by the strong, nonlin-
ear, loss self-focusing mechanism. At both
z = 17 and 56 cm, the highest efficiencies
occurred at E_ ~ 3.5 pJ, taking the values
~14 and 0.8%, respectively.

The reduction in threshold power for gas-
SRS should allow the use of low-power solid-
state diode-pumped lasers as pumps and should
extend the wavelengths of solid-state sources
into new spectral regions. Further orders-of-
magnitude reductions in pump source require-

m’! @)
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ments will follow from dispersion management
and improvement of fiber performance. A nar-
rower line laser source would lead to further
improvements in performance. The possibility
of setting a linear gradient of the pressure along
the fiber might be useful for pulse chirping (/6).
The ability to load HC-PCF at high pressure
without damage could also be of great impor-
tance for SRS in the transient regime (that is,
when the pulse duration is much shorter than the
dephasing time), where the Raman gain is pro-
portional to the pressure (/7).

The availability of HC-PCF is likely also to
lead to rapid new progress in all types of non-
linear optics in gases and should mark the be-
ginning of a new era in gas-based nonlinear

optics.
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Rapid Vapor Deposition of
Highly Conformal Silica
Nanolaminates

Dennis Hausmann, Jill Becker, Shenglong Wang, Roy G. Gordon*

Highly uniform and conformal coatings can be made by the alternating exposures
of a surface to vapors of two reactants, in a process commonly called atomic layer
deposition (ALD). The application of ALD has, however, been limited because of
slow deposition rates, with a theoretical maximum of one monolayer per cycle. We
show that alternating exposure of a surface to vapors of trimethylaluminum and
tris(tert-butoxy)silanol deposits highly conformal layers of amorphous silicon di-
oxide and aluminum oxide nanolaminates at rates of 12 nanometers (more than
32 monolayers) per cycle. This process allows for the uniform lining or filling of long,
narrow holes. We propose that these ALD layers grow by a previously unknown
catalytic mechanism that also operates during the rapid ALD of many other metal
silicates. This process should allow improved production of many devices, such as
trench insulation between transistors in microelectronics, planar waveguides, mi-
croelectromechanical structures, multilayer optical filters, and protective layers

against diffusion, oxidation, or corrosion.

Thin films are ubiquitous in modern technolo-
gy. For example, processing, storage, and com-
munication of information rely on a wide vari-
ety of thin films of semiconductors, metals, and
insulators. Many different methods are used to
make these films, such as various physical tech-
niques (€.g., sputtering, evaporation, pulsed la-
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ser ablation) and chemical processes (e.g., OXi-
dation, chemical vapor deposition, electroplat-
ing, sol-gel synthesis) (/).

Assembling thin films atom by atom allows
exquisite control over their composition and
structure. One such technique is atomic layer
deposition (ALD; also called atomic layer epi-
taxy), in which a vapor reacts with a surface
until a monolayer has been chemisorbed (2).
The reaction then stops, so the process is called
“self-limiting.” A second vapor then reacts with
this surface in a second self-limiting reaction,
thus depositing a second layer of atoms onto the
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first. The second reaction must also return the
surface to a state in which it is ready to react
with the first reactant. The cycle of reactions can
then be repeated to build up a binary compound
atomic layer by atomic layer. Additional reac-
tants having suitably complementary self-limit-
ing reactions can be used to form ternary com-
pounds, doped compounds, graded composi-
tions, or nanolaminates showing properties that
are dramatically improved over homogeneous
materials (3, 4).

ALD offers a number of other remarkable
capabilities in addition to the control of stoichi-
ometry at an atomic level. The thickness of a
film can be set digitally by counting the number
of reaction cycles and is substantially immune to
variations caused by nonuniform distribution of
vapor or temperature in the reaction zone. Thus,
uniformly thick coatings can easily be deposited
over large areas and over convoluted geome-
tries, such as inside very narrow holes (5). ALD
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Fig. 1. Growth rate (in nm/cycle) as a func-
tion of (A) (Buf 0),SiOH dose and (B) Me,Al
dose. (C) Saturated ALD growth rates of si-
lica (in nm/cycle) as a function of substrate
temperature. The points are the experimental
data; the line represents the kinetic model.
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is an established technique for the production of
large-area electroluminescent displays (6). The
silicon semiconductor industry is currently de-
voting a large amount of research to ALD as a
likely future method for the production of very
thin films needed in microelectronics (7). Many
other potential applications of ALD are, howev-
er, discouraged by its low deposition rate, typi-
cally <0.2 nm (less than half a monolayer) per
cycle. Previously known reactions for ALD of
silica are particularly slow (8—15), requiring >1
min to complete a reaction cycle. We report on
an ALD reaction that deposits dozens of mono-
layers in each cycle that is <30 s long, resulting
in a deposition rate that is >100 times the rate of
previously known ALD reactions for silica. Cur-
rent theoretical understanding (16-18) is incom-
patible with such a large cycle thickness.

Vapors doses of trimethylaluminum
(Me,Al) (19) and tris(tert-butoxy)silanol
[(Bu‘0),SiOH] (20) were supplied (27) in
alternating pulses to heated surfaces (22) on
which transparent, smooth (23) films of alu-
mina-doped silica (24) grew. Control exper-
iments with only one or the other of the
reactants alone produced no deposition. The
thickness (25) was linear in the number of
pairs of doses (“cycles”). The thickness per
cycle depended on the sizes of the doses and
on the substrate temperature, as shown in Fig.
1, reaching the high value of 12 nm/cycle.

The self-limiting character of these two sur-
face reactions is demonstrated by the saturation
of the growth rate at high doses of each reactant
in Fig. 1, A and B. For doses in the saturated
range, the films have highly uniform thickness,
even though the vapors flow nonuniformly to-
ward the surface of the substrate, entering from
one end of the reactor tube. For doses smaller
than the saturated range, the films have the
saturated thickness only partway along the
length of the tube and then become thinner
where the vapor is depleted near the exit end of
the tube (26). At temperatures <200°C and
>300°C, the film thickness was not uniform
over any region of the deposition zone. A sum-
mary of the saturated deposition rates is shown
in Fig. 1C. The highest saturated deposition
rates were found at substrate temperatures be-
tween 225° and 250°C.

0.3

Additional evidence for the self-limiting,
saturating behavior of the two surface reac-
tions comes from real-time measurements of
mass deposited on a quartz crystal microbal-
ance (27) inserted into the deposition zone.
The curve in Fig. 2 shows the mass gains as
each of 60 small, nonsaturating doses of
(Bu‘0),SiOH (silanol) was introduced. The
earlier mass gains are larger; they decrease in
size as saturation is approached. Thus, the
reactive sticking coefficient decreases as the
layer reaches its limiting thickness. Accord-
ing to the data in Fig. 1A, ~80 of these small
doses would have been required for complete
saturation to be reached.

The uniformity of coatings inside deep,
narrow holes is an extremely sensitive test of
whether a pair of ALD reactions saturate by a
self-limiting mechanism. Accordingly, films
were deposited on a silicon wafer in which
deep, narrow holes had previously been
etched. After depositing four ALD cycles, the
wafer was cleaved, and cross-sectional scan-
ning electron micrographs (SEMs) were re-
corded. The images in Fig. 3 show uniform
(28), conformal coating indicative of an ideal
self-limiting ALD reaction. Nine cycles com-
pletely filled holes 0.2 pm in diameter.

The composition of the films is stoichiomet-
ric silicon dioxide (SiO,), along with ~0.6
atomic % of aluminum. Carbon was not detect-
ed in the films (<0.3 atomic %). The films are
amorphous by x-ray and electron diffraction
(29). The film density is 2.0 g/cm®, which is
~91% of the value for bulk fused (amorphous)
silica. The structure of these conformal silica
films can be described as a nanolaminate, in
which very thin layers of alumina are inter-
spersed between thicker layers of silica. The
nanolaminate structure can be visualized by
SEMs of a cleaved and etched surface, which
shows faint horizontal striations with the expect-
ed periodicity in the vertical direction (Fig. 4).
Many optical, electrical, and mechanical prop-
erties of the silica are hardly changed by the
presence of the small amount of alumina. The
refractive index, dielectric constant, leakage cur-
rent, and breakdown voltage are similar to val-
ues measured (30) for pure silica films grown
thermally on silicon. However, some properties,

Fig. 2. Mass changes recorded by
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Fig. 3. Cross sections of holes 7 um deep and 0.1
to 0.2 wm in diameter. On the left is a complete
uncoated hole. On the right are higher magnifi-
cation images of the top, middle, and bottom of
a hole coated conformally with a uniform silica
film 46 nm thick made by four ALD cycles.

such as resistance to atomic diffusion and elec-
trical breakdown voltage, can be increased by
carrying out several ALD alumina cycles
(Me;Al then H,0O) before repeating each dose of
silanol.

Because a monolayer of silica is ~0.37 nm
thick (37), each cycle of the deposition process
deposits >32 monolayers. We propose a mech-
anism to account for the unexpectedly large
thickness of these self-limited layers. Studies
(32-34) of the first half-reaction of Me, Al with
hydroxylated surfaces have concluded that one
of the chemisorption reactions is that shown in

REPORTS

Fig. 4. SEM of a cleaved and etched cross section of a silica and alumina nanolaminate film. The
bright band at the bottom is the substrate. The periodicity of the horizontal bands matches the

cycle thickness of 12 nm.

Scheme 1A. The (Bu‘O),SiOH then chemi-
sorbs onto this methylaluminum-containing
surface during the second half-reaction, again
eliminating methane (Scheme 1B). Additional
silanol molecules can then diffuse down to the
surface and insert into the aluminum-oxygen
bonds by a concerted mechanism (Scheme 1C).
Repeated insertions of silanol into the
aluminum-oxygen bond form a siloxane
polymer bound to the surface through the
aluminum (Scheme 1D) (35). This siloxane
polymer is attached to the surface by strong
chemical bonds and thus is nonvolatile; the
conversion of the volatile silanol to nonvol-
atile siloxane polymer is an irreversible
chemisorption process. Because the silanol
can diffuse through this soft, surface-bound
siloxane polymer, the aluminum atoms re-
main available to catalyze the polymerization
of more silanol molecules. The rate-limiting
step in this process is the catalytic conversion
of silanol to siloxane, provided that the con-
centration of silanol vapor is sufficiently high
to keep the catalytic aluminum atoms fully
occupied. In this case, the chemisorption rate
does not depend on the rate at which silanol
arrives at the surface of the siloxane layer. In
the language of chemical kinetics, the chemi-
sorption rate is zero order in the vapor
concentration of silanol. This condition is
important in making uniformly thick films,
independent of nonuniformities in the distri-
bution of silanol vapor over the surface.
The self-limiting nature of the ALD reac-
tion results from cross-linking of the siloxane
polymer, according to the following reac-
tions. First, the ters-butyl groups on the silox-
ane thermally decompose through B-hydro-
gen elimination of isobutene (Scheme 1E),
leaving hydroxyl groups on the silicon (36,
37). A newly formed hydroxyl group may
transfer a hydrogen atom to a nearby butoxy
group, eliminating fert-butanol and cross-
linking the silicons by an oxygen atom
(Scheme 1F). Cross-linking may also be
achieved by the elimination of water between
two adjacent hydroxyl groups (Scheme 1G).
These cross-linking reactions connect the si-

loxane polymer chains, causing the polymer
layer to gel and eventually solidify to silica
(Si0,). Because the silanol presumably has a
negligible rate of diffusion through solid silica,
additional silanol can no longer reach the cata-
lytic aluminum atoms, so the chemisorption of
silanol finally stops (becomes self-limited). Suf-
ficient hydroxyl groups remain on the surface of
the silica, so that the cycle may begin again by
reaction with the next dose of Me,Al.

The only volatile by-products detected were
isobutene, fert-butanol, and water, in qualitative
agreement with the proposed mechanism.
(Methane was not retained in the liquid nitrogen
trap.) To test whether the hydroxyl group in the
silanol is essential to this mechanism, we con-
ducted a control experiment, in which the
(Bu0),SiOH was replaced with tetra(ferz-bu-
toxy)silane [(Bu‘0),Si] (38). No film was
formed on substrates at the temperatures tested
(up to 450°C), confirming that the hydrox-
yl group in (Bu*0),SiOH is a critical factor in
its high reactivity. Bis(tert-butoxy)silanediol
[(Bu'0),Si(OH),] (39) did form films, in agree-
ment with this conclusion.

The question also arises as to whether the
aluminum-carbon bonds on the initial surface
play an essential role. Therefore, we performed
another series of depositions, in which a dose of
water vapor was introduced after the Me,Al
dose and before the silanol dose. Water is
known to replace aluminum-methyl bonds with
aluminum-hydroxyl bonds (32-34). The result-
ing films were identical to those made without
the water dose. Identical results were obtained
from another test with ALD of aluminum
dimethylamide [Al,(NMe,)c] in place of the
Me,Al and water to form an aluminum-contain-
ing surface. We conclude that the mechanism is
not very specific in its requirements for partic-
ular ligands on the aluminum. Rather, it seems
only to depend on the presence of aluminum
atoms on the surface after the first half-reaction.

Quantum chemical calculations (40) were
done for the insertion of (Bu‘0),;SiOH into an
aluminum-oxygen bond (47), according to
Scheme 1C. A low-energy transition state
was found with energy essentially equal to
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Scheme 1.

that of the reactants, demonstrating that this
concerted reaction can be facile. Neverthe-
less, a modest activation energy of 74 kJ/mol
is predicted for this insertion reaction because
the reactants form a complex bound by this
amount of energy. For comparison, the un-
catalyzed elimination of fert-butanol has a
much higher activation energy of 197 kJ/mol.

The predicted 74 kJ/mol activation energy
for the aluminum-catalyzed reaction (Scheme 1,
C and D) helps explain why the thickness per
cycle increases as the deposition temperature
increases from 200° to 225°C (Fig. 1, A and C).
For substrates at temperatures >250°C, the
thickness per cycle decreases because the reac-
tion becomes self-limited in a shorter time. This
occurs because some of the condensation reac-
tions leading to solid silica become faster. Be-
tween 225° and 250°C, these two competing
temperature effects cancel, so the thickness per
cycle is nearly constant as it passes through a
maximum. The film thickness is extremely uni-
form (variation within the accuracy of measure-
ment, +0.5%) for substrates held at tempera-
tures between 225° and 250°C, because the
thickness is nearly independent of small temper-
ature variations in the deposition zone.

A quantitative kinetic model was construct-
ed from this mechanism. The theoretical acti-
vation energy was used for the catalytic poly-
merization step. The termination rate was as-

www.sciencemag.org SCIENCE VOL 298

sumed to be determined by the cross-linking of
the polymer by two parallel reactions (Scheme
1, F and G). One of them was assumed to have
negligible activation energy, and the activation
energy and preexponential factor for the other
cross-linking reaction were adjusted to find the
good fit to the experimental data shown in Fig.
IC [growth rate = (1.19 X 10%~74ET)[(1 +
4 X 10'2e~'12VRTy nm/cycle, where R is the
ideal gas constant in kJ/mol’K and T is the
temperature in kelvin].

Thus, the unusual temperature dependence
of the reaction rate can be understood with the
proposed mechanism. The kinetic model also
helps to explain why ALD growth was not
found outside the temperature range of 200° to
300°C. At temperatures >300°C, the rate of
polymerization is so fast that the catalytic alu-
minum centers cannot be kept fully occupied
with silanol. The growth rate becomes flux
dependent, and the thickness varies along the
reactor tube because of the nonuniform distri-
bution of silanol vapor. At temperatures
<200°C, the deposition is not self-limited be-
cause the cross-linking of the polymer is too
slow to be completed during the silanol part of
the cycle (15 s). Quartz crystal microbalance
data show that the reaction of Me,Al is com-
plete within its time resolution of 0.2 s.

Because the catalytic mechanism depends
mainly on the Lewis acid character of the alu-

minum, we expect that many other metals
should show a similar catalytic activity. In sim-
ilar experiments on ALD of lanthanum, zirco-
nium, and hafnium silicates, we also found
deposition rates that are too large to be under-
stood by traditional theories without a catalytic
mechanism (42).

We conclude that the alternating surface re-
actions of Me, Al and (Bu’O),SiOH vapors form
silica nanolaminates >32 atomic layers thick in
a single cycle. We refer to our reaction cycle by
the general term “alternating layer deposition”
to describe the multilayer growth observed in a
single cycle. Because of its increased deposition
rate and extreme conformality, we expect that
alternating layer deposition will find many
applications.
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py [General lonics Model 4117, 1.7 MeV Tandetron
(Coyahoga Falls, OH)] of samples grown on glassy
carbon substrates.
Thickness and refractive index were determined by
ellipsometry [Rudolf Auto-EL Il (Flanders, NJ)]. Thick-
ness and density were also found by low-angle x-ray
reflection [Scintag Model XDS2000 (Cupertino, CA)].
In Fig. 1, the film thicknesses plotted for the under-
dosed experiments are the average over the whole
length (30 cm) of the reactor tube. The film thickness
near the entry point for the vapors still has the
saturated value even for the underdosed conditions.
The microbalance used was an Inficon Techno-
logies (East Syracuse, NY) bakeable quartz crystal
microbalance.
The coating is uniform within the measurement ac-
curacy of about =3 nm for SEMs on a cleaved cross
section.
X-ray scattering (Scintag Model XDS2000) and elec-
tron diffraction by transmission electron microscopy
[JEOL 2010F (Peabody, MA)] determined that the
films are amorphous.
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Role of ANC-1 in Tethering Nuclei
to the Actin Cytoskeleton

Daniel A. Starr and Min Han*

Mutations in anc-1 (nuclear anchorage defective) disrupt the positioning of
nuclei and mitochondria in Caenorhabditis elegans. ANC-1 is shown to consist
of mostly coiled regions with a nuclear envelope localization domain (called the
KASH domain) and an actin-binding domain; this structure was conserved with
the Drosophila protein Msp-300 and the mammalian Syne proteins. Antibodies
against ANC-1 localized cytoplasmically and were enriched at the nuclear
periphery in an UNC-84-dependent manner. Overexpression of the KASH
domain or the actin-binding domain caused a dominant negative anchorage
defect. Thus, ANC-1 may connect nuclei to the cytoskeleton by interacting with
UNC-84 at the nuclear envelope and with actin in the cytoplasm.

A wide variety of organisms have syncytia,
formed either when multiple nuclear divi-
sions occur without cell divisions or when
cells fuse together. Normally, syncytial nu-
clei are located in specific regions or are
evenly spaced throughout the cytoplasm. Nu-
clear positioning is also essential to a variety
of singlely nucleated polar cells and even in
single-celled organisms (/). Microtubules
and associated dynein and kinesin motors
play a central role in the positioning of nuclei
(2). Less is known about the role of actin in
the process of nuclear positioning. However,
a defect in the actin cytoskeleton of nurse
cells of Drosophila oocytes disrupts nuclear
anchorage during cytoplasmic dumping (3).
Actin is also required for plant nuclear mi-
grations (4). We used the large syncytial cells
of C. elegans as a model to study the mech-
anism of nuclear anchorage. Most of the body
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of an adult worm is covered by four large
syncytial hypodermal cells that contain more
than 100 nuclei (5). Normally, nuclei are
evenly spaced throughout the syncytia. How-
ever, mutations in either anc-1 or unc-84
cause an Anc phenotype, in which nuclei
float freely within the cytoplasm of syncytial
cells and often group together (6, 7). The Anc
phenotype is observed in all somatic, postem-
bryonic syncytial cells, even in binucleated
intestinal cells (7).

We determined the molecular identity of
anc-1 (8). RNA interference (RNAi) experi-
ments and the identification of a molecular le-
sion in the predicted open reading frame of
anc-1(el873) confirmed that we had cloned
anc-1 (8) (Fig. 1, A to D, and fig. S1). The
full-length cDNA of anc-1 was predicted to be
25,639 base pairs (bp) encoding an 8546-residue
protein. The bulk of ANC-1 (the anc-1 gene
product) consisted of mostly predicted coiled
regions, including six repeats of 903 residues
that are essentially identical at the nucleotide
level (supporting online text). The length of the
repeat region may be maintained because of a
selective advantage of keeping ANC-1 large.
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