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When a drop of a colloidal solution of nanoparticles
dries on a surface, it leaves behind coffee-stain-like
rings of material with lace-like patterns or clumps

of particles in the interior1–6. These non-uniform mass
distributions are manifestations of far-from-equilibrium effects,
such as fluid flows1 and solvent fluctuations during late-stage
drying2. However, recently a strikingly different drying regime
promising highly uniform, long-range-ordered nanocrystal
monolayers has been found7,8. Here we make direct, real-time and
real-space observations of nanocrystal self-assembly to reveal the
mechanism. We show how the morphology of drop-deposited
nanoparticle films is controlled by evaporation kinetics and
particle interactions with the liquid–air interface. In the presence
of an attractive particle–interface interaction, rapid early-stage
evaporation dynamically produces a two-dimensional solution
of nanoparticles at the liquid–air interface, from which
nanoparticle islands nucleate and grow. This self-assembly
mechanism produces monolayers with exceptional long-range
ordering that are compact over macroscopic areas, despite
the far-from-equilibrium evaporation process. This new
drop-drying regime is simple, robust and scalable, is insensitive
to the substrate material and topography, and has a strong
preference for forming monolayer films. As such, it stands out
as an excellent candidate for the fabrication of technologically
important ultra thin film materials for sensors, optical devices
and magnetic storage media.

Figure 1a shows the extraordinary degree of monolayer
perfection achievable with this technique, with ordering over areas
covered by roughly 108 particles. The long-range ordering and
compactness of the monolayer, the fact that there are no lace- or
ring-like patterns, and the absence of any three-dimensional (3D)
aggregates points to a mechanism substantially different from those
reported previously for late-stage drying-mediated assembly3–6,9,
or for self assembly mediated by both the substrate–liquid and
liquid–air interfaces10. Instead, the final results resemble those

occurring when nanoparticles are contained at the interface of an
immiscible fluid under equilibrium conditions11–14.

We directly observed this monolayer self-assembly process
under the highly non-equilibrium conditions of an evaporating
drop. During evaporation, monolayer islands of Au nanocrystals
appear on the top surface of the drop, plainly visible under an
optical microscope, and grow as compact structures of uniform
contrast (Fig. 2 and Supplementary Information, Movie). These
islands eventually merge to form a continuous monolayer across
the entire liquid–air interface (Fig. 1b). As the remaining liquid
slowly evaporates, the contact line depins and recedes towards the
centre of the substrate, laying the nanocrystal sheet down onto
the substrate.

We found that both the evaporation kinetics and the amount
of excess dodecanethiol ligand molecules affected monolayer
formation at the liquid–air interface. If the evaporation rate
was slowed significantly or the solutions were thoroughly
cleaned of excess dodecanethiol, we observed no monolayer
formation at the interface. Instead, we observed nanocrystals
concentrating and depositing at the substrate edge1, forming
3D crystals in the bulk15, and depositing directly onto the
substrate as a percolating monolayer on dewetting and drying2

(see Supplementary Information, Fig. S1). These monolayers
strongly resembled various structures reported earlier1–6,9. Adding
a dodecanethiol volume fraction as small as 5 × 10−5 once again
promoted kinetically induced monolayer growth at the liquid–air
interface. Monolayers grown on the liquid–air interface consistently
showed a high degree of ordering, and were compact over
macroscopic dimensions.

These observations suggest that two key elements are required
for the interfacial self-assembly mechanism: (i) rapid evaporation,
to segregate particles near the liquid–air interface, and (ii) an
attractive interaction between the particles and the liquid–air
interface, to localize them on the interface. Together, this establishes
a saturated 2D solution of particles on the liquid–air interface, from
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Figure 1 Gold nanocrystal monolayer. a, Micrograph of a typical monolayer produced by drop-casting 10 μl of a solution of dodecanethiol-ligated 6-nm gold nanocrystals
onto a 3 mm×4 mm substrate. The upper left inset schematically shows the arrangement of two neighbouring nanocrystals in the monolayer. The lower right inset is a fast
Fourier transform of the image. b, Top view of a fully formed, compact nanocrystal monolayer on the top surface of a thin liquid droplet. The monolayer extends completely
across the 3 mm×4 mm Si3N4 substrate. The bright and dark patterns are due to light scattering from the curved surface of the pinned droplet. Mechanical damage in the
bottom right corner and stress fractures in the upper right quadrant help visualize the monolayer. The two bright yellow squares are Si3N4 membrane TEM windows.

which 2D nucleation and growth can proceed. These ideas form the
basis for a simple model of nanoparticle assembly that we can test
against the measured domain growth rates.

For ordinary 2D growth, it is generally expected that the island
areas will increase quadratically in time by nanoparticle diffusion
and aggregation along the island perimeter. We find distinctly
different growth laws, including linear and exponential behaviour.
In the exponential regime, island growth follows either a strict
exponential or a somewhat weaker, yet highly nonlinear growth
law (Fig. 3a and b, respectively). In the linear regime, islands grow
to a complete monolayer at a constant rate (Fig. 3c), with growth
rates that vary from island to island. We also found that as long as
island growth occurs on the liquid–air interface, a highly ordered
monolayer results (Fig. 1a), irrespective of the growth law.

To understand the role of kinetics, we consider how particles
from the bulk solution arrive on the top surface of the drop.
Under ambient conditions, evaporation typically shrinks the centre
thickness of the 3 mm×4 mm drop by about 1 mm over 10 min;
the remaining height is lost by advection. At the same time,
nanocrystals diffuse a vertical distance (2Dt)1/2 ∼ 0.3 mm, where
the diffusion constant was estimated from the Stokes–Einstein
relation D = kBT/6πηr ≈ 73 μm2 s−1. Here kB is Boltzmann’s
constant, T the temperature, η = 0.6 cp the viscosity of toluene,
and r = 5 nm the hydrodynamic radius of the nanocrystals.
Therefore, the interface velocity is fast compared to diffusion, so
the nanocrystals impinge on the descending interface as it moves
towards the substrate.

In the reference frame of the interface, the evaporated solvent
molecules must be replenished from the liquid phase below.
Therefore, there must be a net relative flux of solvent molecules,
and nanoparticles, towards the interface. In this case, nanocrystals
will impinge on the interface with flux f = −cv, where c is the
nanocrystal concentration and v is the velocity of the interface. A
more detailed calculation using a height-dependent particle density
in the diffusion equation gives the same result for the flux.

If there is a finite particle–interface interaction, nanocrystals
hitting the interface move along the liquid surface for a time, τ,
covering an interfacial diffusion length δ = (4Dintτ)1/2. Dint is a
diffusion constant for the liquid–air interface. If a nanocrystal
impinges on the interface within a distance δ from an island it can,
on average, diffuse to the island perimeter and be incorporated,
otherwise it desorbs back into the bulk. Alternatively, a nanocrystal
impinging directly on an island might be incorporated into its
interior by diffusing across the island until it encounters either
a defect or the perimeter. For simplicity we assume that, once
incorporated, the particles do not leave the islands. In the limits
δ → 0 and f → 0, it becomes difficult to nucleate islands. To
achieve nucleation, f must exceed a value fo such that the
critical surface density, ρo = foτ, is reached. This predicts that a
boundary should exist, given by fo = 4ρoDint/δ2, below which no
monolayer growth occurs. The above assumptions make it possible
to model monolayer growth kinetics on the liquid interface in a
manner analogous to vacuum deposition of material onto a solid
surface16,17, despite the fact that nanoparticles dissolved in a viscous
medium are subjected to flows.

The island growth laws that emerge from this model depend
on the scaling of the collection areas with island size. For diffusion
to the island perimeter, the collection area is a band of width
δ surrounding each island from which nanocrystals successfully
migrate to the island. The area of this band scales linearly with mean
island radius R, as Adiff = 2πRδ+πδ2. For direct incorporation, the
collection area is simply the island area, A = πR2. This leads to a
net growth rate dA/dt = k(A + Adiff) = kπ(R + δ)2, where k = f a
is the rate constant and a the area per particle. In the limit δ/R �1,
exponential island growth emerges. Just after nucleation δ/R � 1
and initial island growth will be linear; however, islands in this
regime are generally still too small to be detected optically.

When R + δ approaches half of the island–island spacing,
we can no longer consider islands in isolation because they
compete with their neighbours to collect nanocrystals. Each island’s
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Figure 2 Monolayer island growth. a, Schematic diagram of the self-assembly process during the early stages of drying (not to scale), showing how nanocrystals are
captured by a quickly receding liquid–air interface. b–e, Growth sequence of monolayer islands of 6-nm dodecanethiol-passivated gold nanocrystals as they appear under an
optical microscope. Islands self-assemble on the top surface of an evaporating drop and appear light in colour. Scale bars are 50 μm. Illumination is from above.

collection area is, on average, limited to all points closer to it
than any other island. This is its Voronoi cell (see Supplementary
Information, Fig. S2), with area Avor and effective radius RVor.
The island growth rate is then determined only by the flux of
nanocrystals into its cell. Thus, when R + δ > RVor, dA/dt = kAvor

and linear areal growth results.
Within this model, different growth regimes are entirely

determined by the island size R and two parameters: the interfacial
diffusion length (δ) and the flux of particles into the interface
(f ). Together, these capture the complex details of the evaporation
conditions, solution composition and particle interactions. The
resulting drop-casting phase diagram is shown in Fig. 4. This phase
diagram delineates the expected signatures for interfacial island
growth, as well as the boundary below which island growth at
the liquid–air interface does not occur and particles are deposited
directly onto the substrate.

A detailed examination of the observed growth regimes strongly
supports this interfacial growth model. For linear island growth
(Fig. 3c and the yellow areas in Fig. 4), the growth rate of each
island is indeed proportional to its Voronoi cell area (Fig. 3c, inset).
This clearly shows that the particle collection area consists of both
A and Adiff, and that the diffusion timescales are much shorter than
k−1. From the largest Voronoi cells, we estimate a lower bound of
∼25 μm for δ in this regime. The linear growth regime allows us to
directly compare the observed monolayer growth rate with the flux
predicted by the model. In Fig. 3c, the monolayer requires ∼400 s
to form, which corresponds to a flux of f ∼ 45 μm−2 s−1. Fitting
the model to the data gives a flux of f = (51 ± 7) μm−2 s−1 and a
rate constant of k = (2.8±0.4)×10−3 s−1, in good agreement with
the direct growth time measurement. For the intermediate growth
regime (blue areas in Fig. 4), we expect an intermediate δ. Indeed,
fitting our model to the intermediate growth data shown in Fig. 3b
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Figure 3 Island growth rates from individual islands tracked with video microscopy. Each panel represents a group of islands tracked over a single experiment. Three
limits of growth are identified: exponential, intermediate and linear. a, Individual island areas from Fig. 2 increase roughly exponentially in time. Data were rescaled for best
collapse. Fitting the growth model to the data gives k= (4.0±1.0)×10−3 s−1 and δ = (0.08±0.06) μm. b, Individual island areas follow an intermediate growth law.
Using k= 1.6×10−3 s−1 from the growth time, which corresponds to f= 29 μm−2 s−1, fitting the model to the data gives δ = (5.1±0.3) μm. c, Thirteen individual
islands, tracked over as much as two decades of area, show linear growth with widely differing growth rates. Inset: The average growth rate of each island is proportional to
its average Voronoi cell area. Fitting the data gives a flux of f= (51±7) μm−2 s−1 and a rate constant of k= (2.8±0.4)×10−3 s−1. This is in agreement with the
monolayer growth time of ∼400 s and the expected flux of f∼ 45 μm−2 s−1. Particle concentrations were a, 3×1013 ml−1, b, 3.4×1013 ml−1, and c, 2.0×1013 ml−1, and
excess thiol volume fractions were a, ∼5×10−5, b, 1–2×10−4, and c, 6×10−4.

gives δ ∼ 5 μm, such that δ/R is of order unity throughout the
time window of the experiment. Finally, for the exponential growth
regime (red areas in Fig. 4), we expect a small but finite δ. A fit
of the full rate equation to the data in Fig. 3a gives δ � 1 μm, so
δ/R � 1 and the collection area is approximately the island area
throughout the observation time window. Using the experimental
velocity v ≈ 1 mm/26 min, single particle area a = 55 nm2, and
concentration c ≈ 3×1013 ml−1, we estimate f ≈ 20 μm−2 s−1 and
k ≈ 1.1 × 10−3 s−1. From the fit to the data in Fig. 3a, we obtain

f = (73±18) μm−2 s−1 and k = (4.0±1.0)×10−3 s−1 suggesting,
as f = −cv, that the particle concentration near the liquid–air
interface is enhanced from the bulk value. This is consistent with
small δ and v.

We can connect the measured diffusion lengths to a change in
surface free energy on adsorption, �σ. Considering a nanocrystal
trapped at the liquid–air interface in a harmonic potential well
of depth U = �σa, its residence time is τ = (1/νo)exp(U/kBT).
The attempt frequency νo can be estimated as the time for a
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Figure 4 Phase diagram for drop casting. Experiments proceed in the R-direction,
as the island radii grow in time. Island growth is governed by two parameters: the
particle flux onto the liquid–air interface, f, and the distance particles diffuse along
that interface, δ. Lengths are normalized by the Voronoi cell radius, RVor, which
defines the maximal collection region. Island nucleation and growth occurs above
the curved critical flux plane; no interfacial monolayer growth occurs below this
boundary. Each growth rate is determined solely by the collection area. Linear
growth occurs when R+ δ > RVor (yellow region), because all particles that impinge
on the interface can reach an island. Exponential growth occurs when R+ δ < RVor

and δ � R (red region). Intermediate growth occurs for larger δ (blue region). These
three limiting cases are shown schematically, with the dominant collection area in
colour. The solid circle depicts the island perimeter, the dotted circle represents the
range of diffusion, and the polygon depicts the Voronoi cell.

nanocrystal to diffuse one diameter perpendicular to the interface,
such that νo = 2D/(2r)2. Combining these relations, we have δ2 =
8r2 exp(�σa/2kBT), giving �σ ∼ 0.35 mN m−1 for δ = 0.08 μm,
�σ ∼1.0 mN m−1 for 5 μm, and �σ ∼1.3 mN m−1 for 25 μm. This
shows that small changes in �σ can lead to large changes in δ, and
that �σ can be amplified by the particle size to create a significant
particle–interface interaction11.

Experimentally, we found that solutions thoroughly cleaned
of excess dodecanethiol, and solutions containing a low
surface-tension solvent, show no island growth under ambient
evaporation conditions. In other words, they remain below the
critical nucleation boundary, consistent with δ ∼ 0. With the
addition of excess dodecanethiol, the interfacial island nucleation
and growth is greatly enhanced. Furthermore, for a solution with a
small amount of excess thiol, it is even possible to cyclically change
the evaporation rate to reversibly grow and dissolve islands on the
interface. Although our experiments cannot elucidate the details of
the underlying mechanism, this correlation suggests that the thiol
concentration plays a key role in controlling the particle–interface

interaction and the magnitude of δ. In general, δ might be tuned
by particle size11, surface tension18 or osmotic pressure19, which
should lead to the realization of highly ordered monolayers of
arbitrary materials in a wide range of experimental conditions.

Within this picture only two parameters, the particle flux f
and the interfacial diffusion length δ, are required to capture
the kinetics and energetics, and thereby the essential physics, of
this drying-mediated assembly process. The drop-casting phase
diagram shows that a sufficiently high flux, controlled by the
evaporation rate and particle concentration, and a sufficiently
large particle–interface interaction, parameterized by the interfacial
diffusion length, are required to form 2D islands at the drop surface.
This early stage island formation is a prerequisite for extended
monolayers to form during the late stages of drying. If the flux is too
small or the diffusion length is too short, stain- or lace-like particle
aggregates are formed, characteristic of late-stage drying directly at
the substrate interface.

This predicts that controlling the interaction between the
particles and the liquid–air interface is the key to the realization of
highly ordered monolayers. As these layers extend over macroscopic
dimensions, there is no principal upper limit for the area
to be covered.

METHODS

We formed the monolayers using a solution of monodisperse (<5%)
dodecanethiol-ligated gold nanocrystals in toluene7, with a typical size of 6 nm
and particle concentration of roughly 2×1013 ml−1. To this, we added a
controlled amount of excess dodecanethiol, from 5×10−5 to 6×10−3 by
volume. A 10 μl droplet of this solution, just sufficient to form a full monolayer,
was deposited on a 3 mm×4 mm substrate such that the contact line was
pinned at the edges and the droplet was ∼2 mm high. If higher concentrations
are used, excess nanocrystals can deposit or nucleate a second layer at the
substrate edges. Increasing the concentration further will nucleate a
second layer.

With an excess thiol concentration of 6×10−3, the droplet evaporated
under ambient conditions at a rate of ∼1 mg min−1 until a thin film of
dodecanethiol remained7. The final stage of drying occurred over several hours.
We achieved similar results with lower concentrations of excess thiol by slowing
the late-stage drying with a solvent-rich atmosphere. Under both conditions,
compact monolayers form that extend over the whole substrate, as shown
in Fig. 1.

Growth rates of individual monolayer islands were directly measured using
video microscopy. Transmission electron microscopy (TEM) studies on the
final product established that we were indeed tracking monolayer islands in the
optical microscope. The sample was enclosed to maintain a stable evaporation
environment without suppressing evaporation. Neglecting the boundaries, all
of the points on the surface of the drop should evaporate at the same rate. As
the drop remains pinned at the substrate edges during evaporation, an
advection current must transport liquid from the thick region at the centre of
the drop to the thin outer perimeter20. We estimate for the centre of the drop,
that roughly half of the height is lost to evaporation, and the other half to
advection. Measurements were made at the centre of the drop where surface
flows caused by advection were not observed. For each experiment, a group of
islands was tracked, keeping them within the field of view, during the
evaporation process. For different time points, island areas were measured for
all of the islands that were fully within the frame and in focus. For a given
experiment, all of the island growth rates followed the same scaling, as shown
in Fig. 3.
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