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A method for nanoscale directed self-assembly is demonstrated that employs an
amorphous semiconductor containing subcritical nuclei for crystallization. This strat-
egy combines attractive features of top-down and bottom-up approaches by exploiting
the self-organization capabilities latent in amorphous materials, but in a way that can
be controlled by optical or electron beam exposure tools. The method was demon-
strated with amorphous TiO2 deposited on silicon, heated to 270�C, and exposed to
low-level ultraviolet light. VVC 2010 American Institute of Chemical Engineers AIChE J, 56:

3206–3211, 2010
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Introduction

Fabrication technologies for micro- and nanoscale devices
require special toolsets for miniaturization and organization
of materials. Toolsets now in use have developed from two
different strategies. The ‘‘top-down’’ strategy commonly
used in microelectronic devices carves out structures using
deposition, lithography, and etching. Exquisite control is
possible, but this approach becomes complicated and very
expensive as the size scale decreases. The ‘‘bottom-up’’
strategy creates structures from smaller subunits through
thermodynamically driven self-assembly, and has been
employed with diverse objects such as nanotubes,1 nanopar-
ticles for synthesis of photonic bandgap crystals,2,3 antibod-
ies on gold surface for immunosensing,4 and miniature elec-
trical components (solder dots, wires, dies, and diodes) for
electrical networks.5,6 Cost is greatly reduced, but reliable
control over patterning remains problematic due to entropy
effects that become prominent at small length scales. The
present work employs amorphous titanium dioxide to dem-
onstrate principles underlying a hybrid approach that com-
bines attractive features of both strategies. The approach
exploits the self-organization capabilities latent in amorphous

semiconductors, but in a way that is controllable by optical
or electron beam exposure.

Concept of the method

The basic idea depends upon two attributes of solid semi-
conductors that have been discovered only within the past
decade: photo-enhanced surface diffusion and ‘‘medium
range order.’’ Low-level photostimulation has been shown to
affect the diffusion of certain adsorbates on crystalline semi-
conductor surfaces such as Si(111) by nearly an order of
magnitude.7,8 Photostimulation changes the average charge
state of surface point defects such as vacancies, which in
turn propagates into the diffusion rate of adsorbates whose
diffusion is mediated by those defects. Equivalent effects
should occur with electron beam stimulation (although this
phenomenon has not yet been demonstrated). The ‘‘medium
range order’’9 represents a special kind of atomic configura-
tion within amorphous semiconductors. The atoms are
arranged into topologically crystalline grains, roughly 1 nm
in diameter, that are severely strained and therefore do not
produce coherent diffraction or sharp Raman peaks. These
grains can be thought of as subcritical nuclei for the growth
of crystallites.

The self-assembly approach employs patterned exposure
of an amorphous semiconductor to produce a spatially vary-
ing surface mass flux that, when performed at a temperature
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just below the cusp of crystallization, provides the extra
nudge required to crystallize the subcritical nuclei in the
exposed regions (Figure 1a). A related approach for stimulat-
ing and controlling localized order is already well known in
the formation of hemispherical grained silicon for memory
devices.10,11 In that application, crystalline grains form on
the amorphous Si (a-Si) surface when the material is
annealed briefly at temperatures slightly above the cusp of
crystallization. However, the crystallites thus formed are spa-
tially random; the present approach seeks positional control.

With full-fledged crystallites created, the remaining amor-
phous film self-organizes by surface diffusion and Ostwald
ripening (Figure 1b) until the desired structures are built up
(Figure 1c). The size of the structures can be controlled by
the heating time, the thickness of the original amorphous
film, or both. Dot structures can be fabricated by point-like
exposure. Walls can be fashioned by line exposure. Although
initial nucleation of such walls occurs as a line of dots, sub-
sequent grain growth causes the dots to merge. Important
benefits of this approach become most evident when con-
trolled types and numbers of irregularities must be intro-
duced into an otherwise ordered structure. In a photonic
band gap material, for example, a point defect acts like a

cavity, a line defect like a waveguide, and a planar defect
like a mirror.12 Photonic band gap materials retain many of
their desirable optical properties down to only four unit cells
in thickness,13 meaning that irregularities introduced into a
nanoparticle template layer for colloidal particle deposition
can propagate throughout the entire layer.

To implement the self-assembly approach requires an
amorphous semiconductor that contains medium range order
and for which surface diffusion can be enhanced at modest
levels of stimulation. Medium range order has been detected
in a wide variety of amorphous materials, including tetrahe-
dral semiconductors (Ge and Si),14–16 oxides (SiO2 and
GeO2)

17 and even ternary18 and quaternary glasses.19 Indeed,
the degree of such ordering can be controlled in a-Si with
considerable precision through appropriate processing meth-
ods.20,21 Surface diffusion on crystalline semiconductors that
is enhanced by optical (or electron) stimulation was postu-
lated22 in the early 1990s and then observed7,8 for photoexci-
tation a few years later. Analogous effects have yet not been
reported for amorphous semiconductors. However, studies by
photoemission spectroscopy have shown that atoms on a-Si
surfaces can assume multiple charge states.23 Such states are
needed to influence diffusion nonthermally, so it is reasona-
ble to believe that photoexcited diffusion can occur on amor-
phous semiconductors.

The present work employs amorphous TiO2 (a-TiO2) as
the working material. Several properties of amorphous TiO2

make it a particularly favorable candidate for success. There
exists strong evidence for medium range order in titania-
silica mixed glasses, based on neutron scattering experiments
interpreted by Monte Carlo simulations.24 The 3-eV band
gap of TiO2 means that the background carrier concentration
is low. Hence, low levels of stimulation should be sufficient
to significantly change the concentration of these carriers.

The literature for surface diffusion on amorphous materi-
als is sparse,25 especially for semiconductors, and no prior
work exists for TiO2. We therefore needed to characterize
surface diffusion on a-TiO2 in the dark before controlled
photostimulation could be attempted. Fortunately, measure-
ments of crystalline grain growth can themselves be
employed to quantify surface diffusion. We employed meth-
odology similar to that already developed for a-Si.26,27 The
results show that a-TiO2 behaves similarly in many respects.

Above the crystallization temperature, grains nucleate
spontaneously and grow in hemispherical shapes. For con-
stant diffusional fluxes to the crystallite edges and self-simi-
lar hemispherical shapes during growth, the grain area
depends linearly on time. Figure 2 demonstrates that a plot
of average squared grain radius versus time is indeed linear,
thereby indicating diffusion-limited growth. Grain growth
took place at 200–300�C, however, compared to 550–650�C
for a-Si. As with a-Si grown by CVD,27 a-TiO2 exhibited an
induction time for initial nucleation of crystallization (450s
at 270�C). However, analysis of the grain size distribution
for TiO2 showed that all grains nucleated simultaneously.
Figure 3 shows that all potential grains had nucleated at the
beginning of the annealing process (the smallest grains dis-
appear after longer annealing), and the symmetric shape of
the distribution further indicated the absence of continuous
nucleation. Silicon, by contrast, exhibits continual nucleation
resulting in a flatter size distribution.28

Figure 1. Schematic diagram of the directed self-
assembly method.

(a) Surface of amorphous semiconductor containing subcriti-
cal nuclei is held just below the temperature of crystalliza-
tion and exposed to a beam of photons or electrons. (b) In
the exposed region, the increased rate of mass transport due
to changes in average charge state of mobile atoms causes
some subcritical nuclei to become supercritical and grow.
Ostwald ripening prevents the formation of more nuclei.
(c) Structures of 2–200þ nm can be formed depending on
pattern and degree of Ostwald ripening permitted.
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Experiment

Amorphous TiO2 films of 120 nm thickness were grown
in a stainless steel chamber on Si\100[ substrates via low-
pressure chemical vapor deposition. The substrates of ap-
proximate dimensions 1 cm � 1.5 cm were mounted
between Ta clips for resistive heating during film growth
and subsequent annealing. Partial pressures of the source
gases were 2.0 � 0.1 � 10�4 torr TiCl4 and 6.0 � 0.1 �
10�4 torr H2O. Deposition lasted 1 hr at 150�C � 1�C. X-
ray diffraction confirmed that the as-grown films were amor-
phous (Figure 4). During annealing, the TiO2 was exposed
to low-level photostimulation of �500 mW/cm2 from a Xe
arc lamp directed through glass filters selected to pass wave-
lengths of only 350–400 nm. Thermocouple measurements
showed that the substrate temperature increased by less than
2�C during photostimulation. This point is important, as it
rules out spurious diffusion effects caused by optically-
induced heating. Indeed, a very similar configuration was
used to detect optically induced inhibition of diffusion on
crystalline silicon surfaces.7

For spatially-resolved photostimulation, specimens were
shadowed in part by a Ta foil positioned within 1 mm of the

surface. Exposure to the atmosphere passivates the surface to
some extent. This fact was used to accentuate the effect of
illumination on nucleation and growth (Figure 5), where the
sample was exposed to atmosphere, thereby producing more
vivid contrast between illuminated and dark sides. For eluci-
dation of temperature effects on grain growth, the samples
were annealed after purging the chamber with nitrogen with-
out atmospheric exposure. This procedure significantly short-
ened experimental time while yielding acceptable numbers
of grains.

Software distributed by Scion Corporation was used to
obtain the grain concentration and size distribution from the
SEM micrographs. From the grain areas, the grain radii were
computed assuming a circular shape. Average R2

grain was
plotted versus time; the slope of the linear fit yielded the dif-
fusional flux of atoms.

Results

Surface diffusion

Diffusive transport for TiO2 was quantified according to a
model already developed for a-Si.26 In brief, the lower sur-
face energy of the crystallites draws mobile atoms from the
surrounding amorphous surface. The model hypothesizes that
an amorphous surface has a continuum of residuum defects,
which generate mobile adatoms. These adatoms provide the
greatest contribution to the surface diffusion.25,27 These mo-
bile atoms are replenished both by diffusion from further
distances and by thermal generation of mobile atoms from
defect-like structures in the amorphous surface. Since the
grains are all hemispherical in shape, grain growth is almost
certainly dominated by diffusion of mobile atoms over the
amorphous surface rather than over the crystalline grain sur-
face.

Fick’s law describes the diffusion of the mobile atoms in
a concentration gradient near the edge of a grain boundary,
with the grain radius R growing slowly and to be treated
simply as a parameter of the time t. The following mass bal-
ance relates the flux of diffusing species J to growth rate of
the grain:

Figure 2. Average squared grain radius versus anneal-
ing time at 270�C.
Linear fit is evidence for growth kinetics limited by surface
diffusion. Note the induction time of 440 seconds.

Figure 3. Grain radii distribution at different time inter-
vals during annealing at 270�C.

Figure 4. XRD spectrum of amorphous TiO2 substrate
grown at 190�C.
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2pR2 dR

dt
¼ 2pR

Cb

JðR; tÞ (1)

where Cb is the bulk crystal density (5.0 � 1022 cm�3).
Considering that the characteristic decay time is several

orders of magnitude shorter than experimental time, the flux
can then be calculated from the pseudo-steady state solution:

JðRÞ ¼ DMCsubk
K1ðkRÞ
K0ðkRÞ (2)

with

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pCR

ln 0:5ðCR=CsubÞ1=2
n o

vuut (3)

where DM denotes the mesoscale diffusivity of mobile atoms,
which incorporates both the site-to-site hopping diffusivity of
the mobile species and their concentration. Csub denotes the
areal concentration of substrate atoms on the amorphous
surface, and CR denotes the areal concentration of the defect-
like structures that generate the mobile atoms. Eq. 2 indicates
that the concentration of mobile atoms near a growing grain

decays over a characteristic length k. This length, together
with DM, can be extracted from fits of the experimental data
for grain growth. The adatom hop length k has been shown to
be independent of temperature as well as the activation energy
for Si, and that dependence is assumed here for TiO2 as well.

8

As a result, k can be treated essentially as a constant for the
diffusivity measured in a narrow temperature window.26

Average grain radii were used for determining the flux
based on a quasi-steady state model already developed.26

The linear least squares method was used to minimize the
difference between experimental and modeled flux, yielding
the values of the fitting parameters DM and k.

For a-TiO2 at 270
�C, this analysis yields DM ¼ 53 cm2/s �

9 cm2/s and k ¼ (7 � 3) � 106 cm�1 The only directly
comparable results in the literature are for k, which for a-
Si has the similar value k ¼ 5 � 106 cm�1,26 though in a
higher temperature range of 525–590�C.

Directed self-assembly

Photostimulation effects can in principle affect grain
nucleation, growth rate, or both. SEM imaging showed that
photostimulation under the low intensity conditions of our
experiment (0.5 W/cm2) indeed affected nucleation and

Figure 5. Nonthermally photostimulated enhancement of nucleation on amorphous TiO2 during annealing for
3 hours at 250�C.
Grains nucleated and grow in the illuminated area (a), while the dark area (b) contains few grains. Grain density rapidly decays in the
transition from illuminated to the dark area (c).

AIChE Journal December 2010 Vol. 56, No. 12 Published on behalf of the AIChE DOI 10.1002/aic 3209



growth rate. Figure 5a shows that grain density in the dark
area was five grains/lm2, while illumination increased
nucleated grain density to 61 grains/lm2. Furthermore, illu-
minated grains grew up to 10–50 nm in diameter, while
grains in the dark area did not exhibit such growth. In fact,
measurements of grain radii in the dark area were not possi-
ble due to limitation of SEM resolution for such small
grains.

Shadowing part of the surface yielded spatially resolved
nucleation as in Figure 5c. Numerous grains appear in the
illuminated region, with very few in the dark region. In this
case, nuclei were permitted to grow to a diameter of only
50 nm or so. However, continued annealing permitted them
to grow much larger. The grains eventually flattened as their
lateral diameter exceeded the amorphous layer thickness, and
they merged when they were sufficiently close or the anneal-
ing time was sufficiently long. The pattern used in Figure 5c
was extremely simple, and no attempt was made to create
more sophisticated patterns with higher spatial resolution to
create structures grain-by-grain. However, the basic idea
behind the directed self-assembly approach outlined in Fig-
ure 1 has been demonstrated.

Discussion

The present method uses a small nonthermal stimulus to
nudge selected regions into order that are already very close
to organizing on their own. Not surprisingly, the results
depend sensitively upon deposition and annealing tempera-
tures. Crystalline grain concentration in the annealed mate-
rial varies in accord with the concentration of subcritical
nuclei in the original amorphous matrix. The latter concen-
tration increases with increasing deposition temperature, as
shown in the case of a-Si.21 At sufficiently low temperatures,
the material develops very few nuclei that can grow during
annealing. But at high temperatures, the depositing film sim-
ply crystallizes spontaneously. For TiO2, the practical upper
and lower temperatures for deposition were �170�C and
100�C. These temperatures are good estimates for the upper
and lower bounds on temperatures for subsequent annealing
as well.

Other methods have been employed for directed self-as-
sembly, including surface templating2,3,29 and adaptations of
photolithography.30,31 However, the surface templating
employs conventional lithographic or micromachining meth-
ods for patterning specific features onto the surface. After
this patterning step, molecules or particles are then deposited
with local ordering. Photolithography has also been used to
remove unwanted portions of a uniformly deposited self-
assembled layer. These approaches combine elements of top-
down and bottom-up fabrication. But micromachining has
limited spatial resolution, and adaptations of photolithogra-
phy have the same weaknesses of expense and complication
that lithography entails in conventional top-down fabrication.

The present approach avoids the need for resists and etch-
ing, and offers better spatial resolution than micromachining.
Optical exposure suffers its own limits, but these can be cir-
cumvented if electron beam irradiation is used to stimulate
diffusion. Low-level electron beams affect surface electron
richness (as in cathodoluminescence32) and should affect the
average charge state of mobile atoms and defects in a man-

ner akin to photostimulation. Indeed, roughly analogous phe-
nomena occur in bulk a-Si; electron beam irradiation of
hydrogenated a-Si efficiently promotes the formation of met-
astable electronic defects.9 The mechanism is thought to be
the formation of charge carriers, rather than damage caused
by electron collisions; electron beam exposure is thus equiv-
alent to optical illumination.

Conclusion

The approach to directed self-assembly described here
should be capable of producing single-layer particle arrays
for sensors,33 solar cells,34 high-density/low-power storage
media,35 and other electronic devices.36,37 The arrays can
also be employed as ordered seed layers for the subsequent
deposition of sintered particle films. Such films have been
investigated for use in several applications, including the
fabrication of flat panel displays38 and related electrochromic
devices, solar cells,39 and rechargeable batteries.38 Addi-
tional uses include advanced ceramics,38 photonic band gap
materials,40 and gas sensors.41 Currently, sintered particle
films are manufactured by processes that rarely impart any
special order upon the particles. However, when the films
become sufficiently thin, order imposed by an initial seed
layer can propagate throughout the film when subsequent
layers are deposited by colloidal techniques.42,43 Certain ben-
eficial film properties, particularly optical properties,12,34,42

become most pronounced with specific kinds of particle
ordering. Templating using a suitably chosen pattern in the
seed layer offers the possibility of tailoring this ordering.
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