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Although self-organization of semiconductor nanocrystals (or quantum dots) into 3D superlattices and
exploration of their collective optical, magnetic, and transport properties have been demonstrated, little is
known about the underlying physics of self-assembly, growth mechanisms, and interdot-coupling-induced
collective properties. Here we report a facile way of preparing nanocrystal-assembled 2D islands by drop-
casting nanocrystal suspension on a hot substrate. Growth mechanisms such as scaling function, spinodal
decomposition phase separation, and diffusion-limited aggregation are investigated based on the observation
of quasi-monolayer coverage. After a curve fitting to several theoretical growth models, the pair bond
(interaction) energy, critical nucleus size, and the phase of growth patterns were determined. Moreover, by
heating the substrate and controlling the concentration of nanocrystal suspension, the spinodal decomposition
and diffusion-limited aggregation can be tuned to modulate growth patterns of 2D nanocrystal islands. The
interplay of these two mechanisms results in a variation of wavelength in spinodal growth patterns and of
fractal pattern dimensions. By using this experimental approach, various sizes and shapes of nanocrystal-

assembled 2D islands can be deposited on a flat surface of either graphite or gold.

Introduction

With the help of the top-down semiconductor technology,
lithography, to reduce the lateral dimension of a 2D electron
gas, the quantum dots (QDs) have been experimentally fabri-
cated' to demonstrate their atomic-like physical properties,
which have been introduced in theory for a long time.? Later
on, a colloidal synthesis strategy® has been developed to fabricate
QDs (or nanocrystals), which have been examined to show
artificial atom features in optical properties,* magnetic properties
due to orbital electrons,’ and electronic structures.® Bearing a
resemblance to atomic combination of forming a periodic crystal
structure in a solid, these colloidal QDs are able to self-organize
to form either 2D or 3D superlattices.””® Thus, collective
physical phenomena were proposed in theory and investigated
in the QD-assembled superlattices. Recently, Ge and Brus
illuminated that a system of 2D QD self-assembly can be
suitably described by a 2D Lennard—Jones model, which may
consist of two coexisting phases, resulting in a spinodal phase
separation.'® The same group (Brus’s group) also demonstrated
nucleation and growth behaviors,!! and solvent-drying mediated
self-assemblies of QDs at room temperature.'> On the other
hand, Jaeger’s group reported their study aimed to a formation
of long-range-ordered self-assembly'® and a highly ordered QD
monolayer.!* More excitingly, binary nanocrystal superlattices, '
coarsening,'® and nanopatterning by molding!” in QD formed
superlattices have recently been conducted in experiments.

Theoretically, molecular-dynamic calculations of 2D Lennard—
Jones model were applied to simulations of physisorbed systems,
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such as rare gases on graphite, to show interesting snapshots of
island morphologies, particle trajectories, or growth patterns.'®!?
The fruitful phases of this 2D Lennard—Jones system illustrates
various kinds of growth behaviors. These phases were com-
monly present on the reduced temperature and coverage (p*,
T*) plane. Here, p* = po® and T* = kT/e, where p is the particle
density per unit area, o is the hard-core diameter, k is the
Boltzmann constant, 7 is the temperature, and ¢ is the pair bond
energy (or the pair interaction energy). At a low coverage (p*
= 10%), the critical nucleus size and the small cluster
occurrences in thermal equilibrium can be learned and explored
on the initial growth stage of a nucleation process.?’ In addition,
the scaling function of the cluster size distribution*'** can be
studied. With an increase of coverage, for example p* up to
~40%, and at a temperature lower than the critical-point
temperature of this system, a coexistence of liquid—gas or
solid—gas phases should result in a spinodal decomposition of
phase separation that could be obtained and recorded on
microscopy images. The spinodal patterns have been discovered
and observed in several systems such as quenched glass?* and
dried-up colloidal QDs'*~!? through a rapid cooling and a solvent
drying processes, respectively. In these cases, it mainly focuses
on diffusion-mediated motion and aggregation of the colloidal
QDs.

On the other hand, in the case of colloidal QDs that are
normally dispersed in a solvent, the solvent can play another
important role in the growth and nucleation processes. The
solvent is evaporated quickly when it is heated near its boiling
point. Though the growth temperature is fixed at the boiling
point, the rapid evaporation of the solvent shall lead to a
reduction of the QD mobility on substrates, introducing an
additional growth mechanism, diffusion-limited aggregation.?*
This effect could be enhanced especially when the QD assembly
takes place on a substrate heated above the solvent boiling point.
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In previous reports,'®~1? the QD assembly was carried out at
room temperature and the solvent was allowed to evaporate very
slowly (up to one hour). The slow evaporation rate of the solvent
drives a variation of the pair bond energy between QDs and a
change of state from a high to a low reduced temperature. Unlike
Brus’s experiments,''2 we attempt to study the temperature
effect on the (p*, T%) plane. By heating the substrate, the
temperature dependence of growth behavior as well as the phase
diagram of the colloidal QD system should exhibit. In this work,
the solvent was evaporated rapidly (less than one minute) and
the growth process can be quenched at such a high temperature.
Thus, we can study the growth pattern at a fixed state, rather
than transition states at different reduced temperatures. Other
than an investigation on long-range ordered QD film, we
concentrated our study on growth mechanisms of the spinodal
decomposition and the diffusion-limited aggregation, and their
application to syntheses of 2D QD islands. The QD-assembled
2D islands can be adopted as an approach to study collective
properties in mesoscopic physics.

Experimental Section

PbSe QDs capped with oleic acid and triotylphosphine (TOP)
were synthesized by using a high-temperature organic solution
approach® and subsequently refined by using a size-selection
procedure. Their crystalline structure and size distribution were
investigated and described elsewhere.”> The PbSe QDs can be
stored by dispersing them in toluene. At least three drops of
the QD suspension were put on a graphite substrate, which was
heated on a hot plate above room temperature. PbSe QDs were
deposited on the flat surface of highly oriented pyrolytic graphite
(HOPG) substrates after a solvent evaporation. Raising the
substrate temperature resulted in agitation of the QDs and varied
the distribution of growth pattern coverage on a macroscopic
scale. The resultant samples were subsequently studied using a
field-emission scanning electron microscope (SEM, JEOL JSM-
7000F). All SEM images were taken in a high vacuum at room
temperature. The coverage of growth patterns was estimated
based on the SEM images, and usually an area of 5 x 5 um?
was selected for our studies. The coverage was calculated by
using p* = po?, as described in the Introduction section. The
windows of SEM imaging areas were varied on a millimeter
scale, to broadly sample the coverage in QD growth patterns.

Results and Discussion

Colloidal PbSe QDs, consisting of a solid core of ~14.6 nm
in diameter and a thin shell of organic molecules, were dispersed
in toluene as solvent. Several drops of such a suspension were
cast on graphite substrates that were preheated above room
temperature. After the solvent was evaporated, the QDs formed
2D islands (clusters) with either ordered (solid phase) or
disordered (fluid phase) arrangements. After a coverage variation
of QD assembly on different places of the substrate, the 2D
islands can be imaged using an SEM. Moreover, the difference
in coverage and temperature lead to a change of island size and
distribution on the growth patterns, and to an observation of
various growth mechanisms. The reduced coverage was esti-
mated from the ratio of the island area to the SEM image area
and then multiplied by 0.9165."!

Growth Patterns and Phase Diagram. Various different
growth patterns of QD islands on graphite surfaces are displayed
in Figure 1. To understand and separate these growth patterns
from each other, the following guidelines may be taken into
account. The island number, island shape, island size distribu-
tion, and voids or holes on islands are important features to
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Figure 1. SEM images of PbSe QD patterns grown at substrate
temperatures of 100 °C (a—d), 50 °C (e—g), and 180 °C (h—j). The
QD coverage is a) 39%, b) 13%, c) 66%, d) 90%, e) 4%, f) 41%, g)
68%, h) 6%, i) 20%, and j) 61%.

categorize the growth patterns. There are several growth
mechanisms including diffusion-mediated nucleation'®~>* and
diffusion-limited aggregation® on the (p*, T*) plane. In the
nucleation process of the growth, a large fluctuation in island
size and a rounded, streamline island shape are important
features. On the contrary, the diffusion-limited aggregation
results in a growth pattern showing a comparatively uniform
size and a dendritic, straight line in shape. In addition, gas,
liquid, and solid phases and the spinodal phase decomposition
process shall engage to modulate the final morphology of the
growth pattern. The gas phase shall show a large number of
tiny islands or a complementary pattern containing a large
number of voids (smaller holes), whereas the solid phase will
exhibit a large area of single islands with few holes and voids.
The solid phase should further demonstrate an ordered lattice
points on fast-Fourier-transformed images, in comparison with
aring structure existed in the liquid phase. Finally, the spinodal
decomposition shall reveal a long-range order and a sinusoidal
composition (QD area density) modulation.

Part a of Figure 1 shows an interconnected network,
labyrinthine island pattern extending up to 40 x 25 um? The
growth pattern with ~39% coverage was prepared at 100 °C.
This pattern indicates undoubtedly a spinodal decomposition
behavior scaling up to submillimeter that has never been
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observed in a room-temperature QD assembly yet. Other growth
patterns achieved at the same temperature with varied coverage
of 13%, 66%, and 90% are presented in parts b—d of Figure 1.
A complementary feature of small islands and voids illustrated
in parts b and ¢ of Figure 1 shows gas- and fluid-like phases,
whereas a large island with few big holes, presented in part d
of Figure 1, reveals a solid phase at a growth temperature as
high as 100 °C.

When the substrate temperature was reduced to 50 °C, a
nucleation behavior was observed in the island pattern change.
Parts e, f, and g of Figure 1 illustrate a pattern variation with
coverages of 4%, 41%, and 68%, respectively. An intercon-
nected labyrinthine characteristic, signifying a spinodal decom-
position behavior, can still be determined at such a low
temperature (part f of Figure 1). Moreover, a complementary
manner of islands and holes in parts e and g of Figure 1
demonstrate a nucleation process that unveils rounded islands
or holes, and a large variation of island sizes implies a broadened
island size distribution. Comparing part e of Figure 1 with part
b of 1, it can evidently be detected that a considerably large
number of small islands with a uniform size appear in part b of
Figure 1, whereas several area-unequal islands with a rounded
shape show up in part e of Figure 1, although the coverage in
both cases are of the same order. As a result, the gas phase and
the nucleation growth behavior can definitely be differentiated
from each other. Furthermore, as the substrate temperature was
raised much higher than the boiling point of the solvent, the
diffusion length of the QDs becomes shorter which in turn
makes a transition from diffusion-mediated to diffusion-limited
growth or aggregation. The shorter diffusion length mainly
comes from a shorter time of solvent evaporation. As shown in
parts h—j of Figure 1, the growth patterns were formed at a
substrate temperature of 180 °C with different coverage areas
of 6%, 20%, and 61%. The substrate temperature indicates that
the growth temperature shall be no lower than the boiling point
of toluene, whereas the elevated substrate temperature must
cause rapid evaporation of the solvent, resulting in a diffusion-
limited growth behavior. Unlike the gas phase and the nucleation
growth patterns, part h of Figure 1 demonstrates a few of
straight, chainlike islands, showing that an increase of the
coverage results in a formation of chain-like islands or dendritic
islands. Further increase of the coverage (refer to part j of Figure
1) shows a dendritic islands as dominant structure and a shape
of straight line on the edge of islands. To compare with those
prepared at 100 and 50 °C (parts d and g of Figure 1), the growth
pattern in part j of Figure 1 reveals a thin strip rather than
rounded holes.

Unlike the growth at room temperature that a drying process
could induce an increase of pair bond energy ¢ (a decrease of
reduced temperature) and change the state from a high to a low
reduced temperature,'®!! the high temperature growth causes a
rapid evaporation of the solvent so that the resultant patterns
could be quenched. To put all growth patterns (Figure 1) on
the (p*, T*) plane, we need to determine the pair bond energy.
Here, the island number variation as a function of coverage at
various temperatures (part a of Figure 2) for the same image
size of 5 x 5 um? is used to determine the pair bond energy,
which can be verified further in another analysis in the following
paragraphs. We found that the growth pattern at 50 °C reveals
the lowest island density and a decrease of island density from
~100 to ~10 um™? as the coverage is raised from 10% to 40%.
This low island density is mainly due to the nucleation growth
and the spinodal decomposition behaviors. As shown in parts
e—g of Figure 1, islands can be counted individually only when
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Figure 2. a) Island density as a function of QD coverage grown at
various different temperatures indicated on graph. The SEM images
with a coverage of higher than 10% are used in this analysis. Error
bars of data points are presented as well. The solid and dashed lines
are only guides to eyes. b) phase diagram of a 2D Lennard—Jones
system, reproduced from refs 18 and 11. The symbols, a—g, point to
the growth conditions of the patterns shown in Figure 1. The dotted
line indicates the boiling point (110.6 °C) of the toluene solvent.
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a coverage is much lower than ~50%. With higher coverage,
the spinodal decomposition process drives the islands to coalesce
into one or few large islands. With much higher coverage, the
nucleation mechanism turns on again and we can observe many
large holes in a single, large island in part g of Figure 1.
Conversely, when the coverage is about 10—20% and the
temperature is increased up to 100 °C (Figure 2), the island
density is doubled or tripled in number, probably owing to a
transition from the state in nucleation region to a gas (fluid)
state on the phase diagram. The island density increases further
but not so much when the substrate temperature is of 130 or
180 °C. Again, the growth temperature is around the boiling
point of toluene and the elevated substrate temperature only
causes toluene to evaporate quickly and induces diffusion-
limited aggregation. It was observed that the island density
decreases exponentially with coverage at almost all temperatures,
whereas it shows a steepest descent with a coverage of ~35%
for the growth at 100 °C. This great deal of island density
variation is attributed to a phase transition from the gas phase,
featured a large island density, to the states in spinodal
decomposition regime, revealing few coalesced islands and low
island density. It is noted that the data at 50 °C probably reveal
a state variation on the phase diagram from the nucleation to
the spinodal decomposition regime. States on both of those two
regions share the same feature of a small amount of islands.
Moreover, the data at 130 and 180 °C imply a phase transition
from the gas to the liquid phases, sharing the same feature of a
larger amount of islands. Through this island density analysis,
we conjecture that the temperature of 100 °C shall be very close
to the critical-point temperature of this 2D QD system. We
therefore propose a reduced temperature 7% of 0.54!8 (slightly
lower than the critical-point temperature, 7% = 0.55) to be at
100 °C then the pair bond energy € of 690k = 59 meV can be
estimated.

After the pair bond energy is determined, those states of
growth patterns (Figure 1) can be assigned and marked on the
2D Lennard—Jones phase diagram of part b of Figure 2. On
this phase diagram, the top point of solid curve near the symbol
a is close to the gas—liquid critical-point temperature (7% =
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Figure 3. Occurrence as a function of aggregation number (n, number
of QDs) corresponding to small islands with 3—9 QDs at a) 50, b)
100, and ¢) 180 °C. The solid lines present the fitting results. Scaled
island size distributions at d) 70, e) 100, and f) 130 °C. The coverage
are d) 4, e) 13, and f) 16%. The dashed lines are guides to eyes. The
solid line in Figure (e) represents the scaling function corresponding
to a critical nucleus size n = 1 and a stable cluster size n > 2.

0.55)'8 and the dashed line indicates the triple-point temperature
(T* = 0.41).!8 The area between solid and dashed curves belongs
to a nucleation growth process and the area under the dashed
curve and the dashed line belongs to a spinodal decomposition
region. The identification of states on the phase diagram gives
reasonable explanation of growth patterns shown in parts a—g
of Figure 1. As pointed out, only the substrate temperature of
the growth patterns shown in parts h—j of Figure 1 is specified,
so their states are not presented in part b of Figure 2. A dotted
line indicates the boiling point of toluene solvent to emphasize
that the diffusion-limited aggregation shall be enhanced at a
substrate temperature above this line.

Growth Mechanisms. Several growth mechanisms play
important roles to modulate the growth pattern. In the initial
growth stage, the cluster occurrence correlates with a decrease
of free energy in cluster formation. Moreover, the scaling
function can be used to evaluate the critical nucleus size. As
the coverage increases, a growth mechanism of the spinodal
decomposition is involved. Moreover, as for our case of the
QD growth in solution, a higher substrate temperature and the
rapid evaporation of solvent shall induce a diffusion-limited
aggregation.

Parts a—c of Figure 3 show the occurrence N of small clusters
as a function of the cluster aggregation number n, calculated
on the basis of fiftty SEM images with an area of 2.8 x 2.1
um?. The occurrence of single QD, 2-QD, 3-QD, and n-QD
clusters are denoted as Nj, N,, N3, and N,, respectively. The
data present with 7 in a range from 3 to 9. Because the formation
of n-QD cluster from isolated QDs makes a decrease of energy
(—E,) and affects the occurrence (possible configurations)
through a thermal equilibrium process, the occurrence shall
follow the form?’
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N, = Ny(N,/N,)" exp (E,/kT) (1)

where Nj is the total number of QDs to cover the whole area of
the SEM image. Using the same assumption in ref 11, each
bond causes a decrease of free energy (0k7) and the formation
of n-QD cluster for n > 1 leads to a lowering of free energy (E,
= (2n — 3)akT). This gives

N, = Ny(N,/Ny)" exp ((2n — 3)o0) )

Usually the occurrence of a single QD is not easy to be
counted possibly due to the limit of the image resolution. The
other reason could be attributed to the fact that the stable nucleus
size is larger than one, and therefore a single QD has a high
tendency to coalesce on big islands. A nonlinear least-squares
fitting was used to evaluate N, and o. The fitting results are
displayed as solid curves in parts a—c of Figure 3. It is noted
that eq 2 is valid only for n > 2. A straight line is therefore
given to simply connect the two calculated values of N; and
N,. The parameter o. was determined to be 1.13, 0.99, and 0.85
for growth data at 50, 100, and 180 °C, respectively. Thus the
pair bond energies (akT) were estimated to be 31, 32, and 33
meV for clusters grown at 50, 100, and 180 °C. This gives an
average value of about 32 meV, which is about one-half of the
pair bond energy ¢ = 59 meV estimated from part a of Figure
2. In particular, the pair bond energy is very close to the
calculated attraction energy of 40 meV (1.6 kT) and experi-
mentally evaluated value of 88 meV (3.5 kT), as reported in ref
11.

On the other hand, the critical nucleus size can be determined
by a scaled island size distribution. The island size distribution,
which is normally N, as a function of the QD number n, is
scaled to N,lnﬁvglﬁ as a function of n/n,,, where 0 is the coverage
and n,,, is the average size of the QD-formed islands. The scaled
island size distributions with specified coverage of 5—15% and
at different temperatures are displayed in parts d—f of Figure
3. Because it is analyzed at low coverage, we can ignore the
spinodal decomposition behavior. Thus only the temperature
and solvent drying effects will be taken into account. In part e
of Figure 3, a solid line of scaling function is displayed to
indicate a critical nucleus of one QD, which means that island
size with two more QDs are stable. Part d of Figure 3 shows
that, at 70 °C, even a single QD can be stable and exist on the
graphite surface. At a higher temperature of 100 °C (part e of
Figure 3), the excess thermal energy makes single QD more
mobile and islands having at least two QDs can stably exist in
growth patterns. The critical nucleus size therefore increases
and the smallest stable island must consist of at least two QDs.
This result is in line with the temperature effect on critical
nucleus reported for atomic growth behavior.?® The critical
nucleus size slightly changes back to one QD at an elevated
temperature, 130 °C (part f of Figure 3). We believe that, at
this high temperature, the solvent drying process should be taken
into account. More interestingly, part e of Figure 3 indicates a
stable cluster of n = 2. This result can also be confirmed in the
bonding energy analysis displayed in part b of Figure 3. We
found that the experimental value is much lower than the
calculated value of occurrence of single adsorbed QD for growth
at 100 °C. On the contrary, the measured occurrence of single
QD is more close to the calculated value in parts a and ¢ of
Figure 3. It is noticed that the growth behavior varies with a
different substrate temperature above the solvent boiling point
(parts c and f of Figure 3).
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Figure 4. a) SEM image of a spinodal pattern grown with coverage
of ~38% at 100 °C. b) SEM image of a spinodal pattern grown with
coverage of 45% at 50 °C. The insets show fast-Fourier-transformed
and radial averaged intensity as a function of inverse wavelength. c)
Wavelength at maximum intensity, estimated from the intensity
distribution, like the inserts of parts (a) and (b), for QD growth with
coverage of ~42% and at different temperatures.

With an increase of coverage, owing to a coexistence of two
phases, the growth mechanism of spinodal decomposition
engages to modulate sinusoidally the compositional (QD
density) variation that generates a macroscopically uniform
island size distribution with an interconnection labyrinthine
structure. Two spinodal growth patterns assembled at 100 and
50 °C are exhibited in parts a and b of Figure 4, respectively.
Evidently, different wavelengths of the sinusoidal compositional
modulation can be identified between the two SEM images. This
wavelength variation has not been experimentally discovered
in room-temperature QD assembly yet.!*”'? According to the
spinodal phase separation theory,? the wavelength is inversely
proportional to the square root of the undercooling temperature,
A o<(Tc — T)™'"2, where T¢ is the critical-point temperature. To
evaluate the wavelength of the sinusoidal composition modula-
tion, the radial average intensity of fast-Fourier-transformed
image was calculated (inserts of Figure 4 as examples). The
wavelengths at maximum intensity are 450 and 176 nm for
growth patterns shown in parts a and b of Figure 4, respectively.
The temperature behavior of the wavelength at maximum
intensity is thus summarized in part ¢ of Figure 4. When the
temperature is increased above room temperature, it was found
that the wavelength increases up to a maximum value at 100
°C. More excitingly, the spinodal growth patterns remain
observable even if the substrate temperature is much higher than
the critical-point temperature. This result is in contradiction to
the gas or fluid phase above critical-point temperature that is
predicted in the phase diagram (part b of Figure 2). In addition,
the wavelength at maximum intensity shown in part c of Figure
4 reveals a decline with an increase of the substrate temperature
above the toluene boiling point. We therefore conclude that the
elevated substrate temperature makes the solvent to evaporate
and the growth mechanism of diffusion-limited aggregation is
in turn employed to modify the growth pattern. Because of the
rapid evaporation of toluene solvent, the decrease of wavelength
at elevated temperature shall be resulted from a reduced
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Figure 5. Gyration radius, Ry, has a power law dependence on the
aggregation number, n, in double logarithm scales for QD growth at
a) 100 °C and b) 180 °C with coverage of 21% and 18%, respectively.
Corresponding SEM images are displayed in the insets. Schemes of c)
cluster diffusion and d) single-particle diffusion models.

evolution time*” required for long-wavelength spinodal patterns
such as that displayed in part a of Figure 4. The interplay
between spinodal decomposition and diffusion-limited aggrega-
tion could be studied and further controlled by using substrate
temperature and QD coverage (concentration of QD suspension)
so as to grow 2D islands with specified sizes and shapes.
Because the solvent evaporation introduces a diffusion-limited
growth mechanism, the analysis method used in atomic growth
of diffusion-limited aggregation can certainly be implemented
here. Either the density—density correlation function or the
radius of gyration as a function of cluster size (aggregation
number 1n)** can be applied to the investigation into the randomly
aggregated fractal structure. The analysis using radius of
gyration, R,, which is a mean square distance between the
particle and the center of mass of the cluster, is adopted in this
study. A fractal dimension D is introduced in the expression®*

n~ Ry 3)

Log—log plots of R, as a function of aggregation number n
are given in parts a and b of Figure 5 for patterns (the inserts)
grown at 100 and 180 °C respectively, with coverage of ~20%.
The fractal dimensions D’s are estimated to be 1.38 and 1.57
as indicated in the figure. This observable difference in D shall
be originated from the substrate temperature. At the temperature
of 100 °C and below the toluene boiling point, the toluene
solvent shall not be evaporated so quickly and the as-aggregated
clusters may diffuse on surface and coalesce into larger ones.
This experimental result of fractal dimension D = 1.38 is
considerably close to the cluster diffusion models given by P.
Meakin?® (D = 1.47) and M. Kolb et al.?® (D = 1.38). On the
other hand, a high substrate temperature of 180 °C leads to a
random aggregate of cluster which by no means can diffuse on
substrate anymore due to the solvent dry-up. This result of fractal
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dimension D = 1.57 is in line with the predicted value of 1.67
using the WS model.?* The cluster diffusion at 100 °C seems
to be in connection with a long evolution time required to
produce a long wavelength of spinodal growth patterns as
discussed above. Here, the interplay between the spinodal
decomposition and the diffusion-limited aggregation appears
again. Two schemes to illustrate the cluster diffusion and single-
particle diffusion models are given in parts ¢ and d of Figure 5.
For the same aggregation number 7, the cluster diffusion causes
a longer radius of gyration and thus a smaller fractal dimension.

Conclusions

Various kinds of 2D growth patterns have been prepared
through a facile way of dropping toluene-dissolved PbSe QD
suspension on a hot graphite substrate. These growth patterns
have been extensively analyzed, and related phase diagram, pair
bond energy, and growth mechanisms have accordingly been
studied. The pair bond energy, ¢ = 59 meV, between PbSe QDs
is derived from a simple analysis of substrate temperature and
coverage dependences of island density. This determines the
states of growth patterns on 2D Lennard—Jones phase diagram.
Another analysis on occurrences of small clusters in thermal
equilibrium gives a pair bond energy of ~32 meV during cluster
formation. Moreover, with a low coverage, a scaled function
of island size distribution was used to determine the critical
nucleus size of either 0 or 1 for this system. With high coverage,
the spinodal decomposition induced compositional modulation
was investigated and the sinusoidal wavelength as a function
of temperature is summarized. This outcome indicates a decrease
of the wavelength in spinodal patterns due to both the under-
cooling temperature below the critical-point temperature and
the restricted evolution time for pattern formation. In addition,
the elevated substrate temperature introduces a diffusion-limited
growth mechanism. Through a comparison of patterns at
different temperatures, the diffusion-limited aggregation reveals
cluster and single-particle diffusions at temperatures of near and
above, respectively, the solvent boiling point. The interplay
between spinoal decomposition and diffusion-limited aggrega-
tion is under control by using substrate temperature so as to
make 2D PbSe QD islands on a flat graphite surface.
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