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Colloidal crystals are interesting as functional structures due to their emergent
photonic properties like photonic stop bands and bandgaps that can be used to
redirect light. They are commonly formed by a drying process that is assisted by
capillary forces at the drying fronts. In this manuscript, we demonstrate the
optically induced dynamic thermofluidic assembly of 2D and 3D colloidal
crystals. We quantify in experiment and simulation the structure formation and
identify thermo-osmosis and temperature induced depletion interactions as the
key contributors to the colloidal crystal formation. The non-equilibrium nature of
the assembly of colloidal crystals and its dynamic control by laser-induced local
heating promise new possibilities for a versatile formation of photonic structures
inaccessible by equilibrium processes.
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Introduction

Colloidal particles can be assembled into crystalline structures that exhibit interesting
properties, such as photonic stop bands or even band gaps, where the periodicity of the
dielectric function strongly modulates the propagation of electromagnetic waves (Krieger and
O’Neill, 1968; Biswas et al., 1998; Barth et al., 2006; Galisteo-Lopez et al., 2011; Zhao et al., 2014).
They also serve as model systems for fundamental studies on crystal growth and phase transition
(Li et al., 2016; Hueckel et al., 2020). Amorphous colloidal structures can serve as strongly
scattering materials as well, producing structural colors (Magkiriadou et al., 2012) or providing
efficient multiple scattering of random lasers (Sapienza, 2019; Trivedi et al., 2022). The bottom-up
assembly of such colloidal structures can be achieved by engineering inter-particle interactions
(Hueckel et al., 2020) or applying external fields. Inter-particle interactions can be introduced via
surface modification by chemicals or biological molecules like DNA (van Dommelen et al., 2018;
Wang et al., 2020) and deliver static structures based on the interaction free energies and
temperature. Techniques using external electric (Velev and Bhatt, 2006; Edwards and Bevan, 2014)
ormagnetic fields (Wang et al., 2013) are useful formanipulating and assembling colloids, but they
are usually very material specific, which hampers their broad applicability. Optical Tweezers
(Ashkin et al., 1986; Grier, 2003) are powerful tools for manipulating colloids (Polimeno et al.,
2018; Volpe et al., 2022) but are cumbersome to use for assembling more complicated structures,
and require higher power lasers for manipulating smaller structures like nanoparticles. Although
PlasmonicOptical Tweezers solve some of these challenges and can even be dynamic (Zhang et al.,
2021), they are not reconfigurable and bound to the specific plasmonic structures.

The use of optically pumped, thermally induced processes to build colloidal structures
offers the possibility of reconfiguration to create functional structures with specific
properties as needed. Structures can be dynamically recreated and destroyed by
switching the temperature fields in the sample. Thereby local heating of, e.g., plasmonic
structures such as thin gold films or nanoparticles substrates (Baffou et al., 2020) are used to
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induce processes that are driven by a gradient of temperature
(Würger, 2010). Such processes include thermophoretic effects
(Piazza and Parola, 2008; Jiang et al., 2009), thermoelectric fields
(Lin et al., 2017a), thermally induced depletion (Jiang et al., 2009;
Vigolo et al., 2010; Maeda et al., 2011), or interfacial entropy related
effects (Lin et al., 2017b) that produce particle drifts rather than
hydrodynamic flows of the liquid surrounding the colloids.
Temperature may, however, also be used to induce liquid flows,
e.g., by thermo-viscous effects, i.e., dynamcially manipulating the
local viscosity by heat (Weinert and Braun, 2008) or by creating
convective flows (Duhr and Braun, 2005; Donner et al., 2011) to
realize the assembly of 2-dimensional colloidal crystals or long range
fluidics. Thermo-osmotic flows, i.e., quasi-flip boundary flows that
arise from temperature induced stresses at solid−liquid boundaries
have been far less explored. Optically pumped thermo-osmotic flows
have been previously shown to be useful in manipulating and
assembling colloids or even molecules (Jiang et al., 2009; Maeda
et al., 2011; Bregulla et al., 2016; Gargiulo et al., 2017; Lin et al., 2018;
Fränzl and Cichos, 2022). Because they are local fluid flows, they can
transport suspended objects regardless of the nature of the solute.
Yet, all of these temperature-related effects occur in parallel and are
difficult to separate.We report on thermofluidic processes,
i.e., hydrodynamic as well as thermophoretic and depletion
induced processes that lead to the assembly and growth of
colloidal crystals. We quantitatively explore these different
contributions that arise in our system and show that acting
together they can lead to the formation of colloidal structures,
which may be applied to create structural color or specific
photonic properties.

Experimental

Sample preparation

Our samples consist of a liquid film with thickness 3 μm
confined between two glass coverslips (22 mm × 22 mm). The
glass coverslips are carefully cleaned with acetone, methanol,
isopropanol and Milli-Q water followed by 3 min plasma
cleaning (PDC-32G, Harrick Plasma Inc.). One of the coverslips
was coated with a 50 nm thick gold film using a thermal evaporator
(DTT, VacCoat Co.) and a 5 nm chrome adhesion layer. A thin layer
of polydimethylsiloxane (PDMS) is applied to the edges of the
coverslip. Then 0.6 μL of sample solution (which also contains
3 μm polystyrene (PS) spacer particles) is pipetted in the middle,
and another coverslip is placed over this to seal the sample solution.
The spacer particles maintain the liquid film thickness at 3 μm.
Monodisperse particles with a size dispersion of CV < 5%
(microParticles GmbH, Germany) were used to prepare the
colloidal dispersions.

Sample 1—Confined geometry
Here, the size of the spacer particles is not much larger than the

assembled particles. This ensures that the particles to be assembled
are confined to a region close to the substrate (where the thermo-
osmotic flow is maximum), and cannot escape in the vertical
direction. The particle solution was prepared by dispersing
2.39 μm diameter polystyrene particles in Milli-Q water, along
with 3 μm spacer particles. The concentration of free particles in
water was 0.25% (w/v)

FIGURE 1
(A) Schematic of the temperature measurement using the 5CB technique, (B) Dark-field image of the phase transition between the nematic and
isotropic phase of a 5CB liquid crystal when it is heated by a focused laser (p = 2.98 mW), (C) Relative temperature increment (Top view), (D) Temperature
increment as a function of the laser power obtained using 5CB experiments, (E) Relative temperature increment profile in xy-plane, and (F) Relative
temperature increment profile in xz-plane.
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Sample 2—Non-confined geometry
Here, the size of the spacer particles was much larger than the

assembled particles. The particle solution was prepared by
dispersing 518 nm diameter polystyrene particles in 5% (w/v)
PEG-6000 (Honeywell Fluka). The concentration of free particles
in water was 0.005% (w/v)

Experimental setup

Our experimental setup consists of an inverted microscope
(Olympus, IX71) with a mounted piezo translation stage (Physik
Instrumente, P-733.3). The experiments are based on a sample
geometry as described above. The gold film is heated by a focused,
continuous-wave laser having a wavelength of 532 nm (CNI,
MGL-III-532). The laser beam diameter is expanded and
sent to an acousto-optic deflector (AA Opto-Electronic,
DTSXY-400–532) and a lens system to steer the laser focus
in the sample plane. The deflected beam is focused onto an

oil-immersion objective (Olympus, UPlan-Apo ×100/1.35, Oil
Iris, NA 0.5–1.35) to the sample plane. The sample is illuminated
with an oil-immersion darkfield condenser (Olympus, U-DCW
2G72899, NA 1.2–1.4) and a white-light LED (Thorlabs, SOLIS-
3C). The scattered light is imaged by the objective and a tube lens
(250 mm) to an EMCCD (electron-multiplying charge-coupled
device) camera (Andor, iXon DV885-LC-VP). A dichroic beam
splitter was used to reflect the laser wavelength (Omega Optical,
560 DRLP) and a notch filter was used to block any remaining
back reflections of the laser (Thorlabs, NF533-17). The acousto-
optic deflector (AOD) and Piezo stage is driven by an AD/DA
(analog-digital/digital-analog) convertor (Jäger Messtechnik,
ADwin-Gold II). A LabVIEW program running on a desktop
PC (Intel Core i7-2,600 4 × 3.40 GHz CPU, 8 GB RAM) is used to
control the electronic components and record and process the
images. The images were recorded with an inverse framerate of
τ = 42 ms. For our experiments, the numerical aperture (NA) was
fixed to 0.6, which results in a 1.08 μm laser spot (Airy disc
diameter).

FIGURE 2
(A)Geometry of the sample used for colloidal crystal assembly of 2.39 μmPS particles due to thermo-osmotic flows. (B–D)Colloidal crystal formed
(at p = 0.6 mW) after 15, 30 and 60 min, respectively. (E, F) demonstrate the thermophoretic repulsion of 518 nm diameter PS beads in a 3 μm thin water
film above an 30 nm thin gold film without (E) and with (F) localized optical heating. The circle encloses the region of no particles. (G) shows the radius of
the cirlce enclosing this region of depleted PS particles as a function of the laser power.
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Temperature measurement

We experimentally determine the local temperature change ΔT( �r)
resulting from the optically induced heating of the thin gold film by
replacing the water film in the sample with the liquid crystal 4-Cyano-
4′-pentylbiphenyl (5CB) (see Figure 1A). 5CB shows a phase transition
from the nematic to isotropic phase at Tc = 308.1 K thereby also
changing its refractive index (Heber et al., 2014). The refractive
index change at the phase boundary is directly visible in microscopy
images, as, for example, displayed in the dark-field microscopy image
shown in Figure 1B. The radius of the isotropic bubble is directly
indicated by the location of the isothermal surface with T = Tc from
which we can calculate the maximum temperature increment in water
ΔTmax and determine a temperature increment per laser power of
ΔTmax/p = 18.3 Km−1 W−1 The temperature increment in water was
obtained by the relation ΔTmax � 0.9T5CB

max , where the factor of
0.9 accounts for the higher thermal conductivity of water (κH2O �
0.6 W m−1 K−1) as compared to the liquid crystal 5CB (κ5CB =
0.15Wm−1 K−1) and is obtained from numerical simulation (Heber
et al., 2014; Fränzl and Cichos, 2022). The determined temperature rise
is compared to finite element simulations [see SI of reference (Fränzl
and Cichos, 2022)] to yield the 3-dimensional temperature distribution
with the same maximum temperature increment at the gold film (see
Figures 1C, D). Figures 1E, F display the corresponding relative
temperature increments along the gold surface (Figure 1E) and
perpendicular to it at x = 0 μm (Figure 1F).

Analysis of particle trajectories

Particle tracking was carried out on recorded videos. A binary
image is computed using a global threshold, and a connected-
component algorithm is used to identify connected regions

according to their pixel area. The particle center position is then
obtained by taking the center of mass of the unweighted pixel area.
The particle positions are then connected into trajectories using a
linking algorithm (Fränzl and Cichos, 2022). The obtained particle
trajectories allow us to compute mean squared displacement
statistics. A step size histogram is computed for the radial
displacements of the particles. The step size distribution follows
Gaussian statistics and the probability density function is given by
the solution to the Smoluchowski equation as:

P Δr, τ( ) � 1������
2πD0τ

√ exp
− Δr − vrτ( )2

4D0τ
( )

where Δr is the radial component of the displacement, τ is the
inverse frame rate, D0 is the diffusion coefficient, and vr is the radial
component of velocity. This enables us to measure the diffusion
coefficient and radial drift velocity of the particles.

Results and discussion

Temperature gradients at liquid–solid boundaries cause a
variety of different effects (Würger, 2010). They will result, for
example, in thermo-osmotic boundary flows that generate pressure-
driven flow patterns in thin film geometries. The flow profile in the
slit cause the these boundary thermo-osmotic flows can be
calculated from the quasi-slip hydrodynamic boundary condition
at the top and bottom sample substrates given by Eq. 1

uTO � −1
η
∫∞

0
zh z( ) dz ∇T

T
� χ

∇T

T
, (1)

where η is the viscosity of the liquid, h(z) is the excess enthalpy density
of solid−liquid interaction, T is the temperature, and ∇T is the gradient
of temperature parallel to the gold surface. The integral containing all

FIGURE 3
(A) Flow field in a thin water film induced by a thermo-osmotic quasi-slip flow at a locally heated thin gold film at z = 0 μm. The flow field has been
obtained in finite element simulations with a Gaussian heat source corresponding to the incident laser beam profile. The maximum temperature at the
gold film is found to be ΔTmax = 50 K. The flow is calculated according to Eq. 1 with the thermo-osmotic coefficient of χ = χAu = 10 · 10–10 m2s−1. The
background color indicates the temperature in the film. (B) Horizontal flow field component u calcalated at x = 500 nm indicating the strong
boundary flow for z < 600 nm and the weaker outflow for z > 600 nm. (C) Vertical flow field component w calculated at x = 0 nm, 500 nm and 1 μm.
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the information about the interfacial interactions between the liquid and
the solid can be summarized in a thermo-osmotic coefficient χ.

2D crystal growth by thermo-osmotic flows

Thermo-osmotic boundary flows become particularly important
when using a thin film sample (depth 3 μm) that strongly confines
PS colloids (diameter 2.38 μm, see Figure 2A). The small distance
between the colloid and the heated substrate surface ensures a strong
coupling of the colloids to the thermo-osmotic boundary flow. Upon
heating the gold film with a focused laser we observe a drift of the PS
colloids in DI water towards the hot spot. As a consequence of this
drift a 2-dimensional colloidal crystal forms around the hot regions
(see Figures 2B−D). The observed crystal growth appears on the
timescale of tens of minutes and the drift velocities are found to be
very small about u = 0.03 μm s−1. The size of the crystal formed is
much larger than the size of the laser spot (1.08 μmdiameter). As the
temperature decays as (1/r) from the edge of the laser spot, there is
still enough temperature gradient for the crystal assembly several
tens of micrometer away, allowing for the formation of a large
crystal. The measured in-plane diffusion coefficient was found to be
D = 0.079 μm2s−1, significantly lower than that in bulk liquid, and in

close agreement with theoretical calculations for diffusion of
confined particles near a wall. The in-plane diffusion is modified
according to Eq. 2.

γ−1‖ � D‖
D0

≈ 1 − 9
16

R

z
+ 1
8

R

z
( )3

± . . . (2)

with D0 being the colloid’s diffusion coefficient in the bulk solution.
Corresponding to previous measurements with tracer particles
(Bregulla et al., 2016) and simulation results depicted in
Figures 3A−C the thermo-osmotic flow is strong and directed
towards the heat source in a thin boundary layer at the metal
film. Our finite element simulations thereby use the parameters
and geometry previously employed in reference (Fränzl and Cichos,
2022). The strength of the flow field is determined by the thermo-
osmotic coefficient χ which is the result of the strong van der Waals
interaction between water and gold (Fränzl and Cichos, 2022).
Tangential flow speeds of up to 50 μm s−1 (at x = 0.51 μm from
the center of the heat source) are calculated for maximum
temperature increments of about ΔTmax = 50 K and a thermo-
osmotic coefficient of χ = 10 · 10–10 m2s−1 (Figure 3B). Similar
flow speeds are observed in the vertical direction away from the heat
source (see Figure 3C). The inflow at the gold–water boundary is
further accompanied by an outflow of the liquid at the center of the
liquid film (z = 1.5 μm), which is, however, much weaker (about
7.1 μm s−1) than the inflow in terms of flow speed (see Figure 3B).

The overall flow field generates a force on a PS colloid confined
in the liquid film (Figures 4A−C). Note that a thermo-osmotic
boundary flow is also existing on the surface of the PS colloid. Since
the PS colloid is freely suspended in the liquid, the boundary flows
on the colloid cause a drift of the colloids in the opposite direction of
the boundary flow. This boundary flow contributes to colloidal
thermophoresis (Würger, 2010). The thermophoretic drift velocity
is given by Eq. 3

uTP � −2
3
χ
∇T

T
� −DT ∇T, (3)

where DT is the thermophoretic diffusion coefficient and ∇T is the
temperature gradient. With typical values of χPS = 1.4 · 10–10 m2s−1

we find DT = 0.3 μm2K−1s−1 for the PS–liquid interface (Fränzl and
Cichos, 2022). Boundary flows at the PS−water interface are almost
an order of magnitude smaller than on the gold−water interface due
to the much weaker van der Waals interaction. Using these values
for the thermo-osmotic coefficients at the gold–water and PS–water
interface, we calculate a hydrodynamic force of F = 0.12 pN in the
center of mass of the sphere pointing towards the heat source. The
resulting hydrodynamic force is therefore attractive towards the hot
spot for the given combination of χPS and χAu. With χPS = 0 m2s−1,
i.e., no thermo-osmotic quasi-slip on the PS–water interface, the
force even increases to F = 0.16 pN. Increasing the thermo-osmotic
coefficient for the PS–water interface yields a sign change in the
force and the hydrodynamic force becomes repulsive due to
thermophoresis (see Figure 4B). Overall, the resulting
thermophoretic drift away from the hot spot at the gold surface
therefore competes with the attraction due to the thermo-osmotic
flow and the difference of the thermo-osmotic coefficients χ between
the gold surface and the polymer surface is important for the
direction of the drift, not the colloidal surface properties along.
Given the asymmetry in the boundary conditions of at the upper and

FIGURE 4
(A) Thermo-osmotic flow field generated by heating a thin gold
filmwith a Gaussian beam at x= z= 0 μm in contact with a 3 μmwater
film. The color background shows the magnitude of the flow velocity.
The lines indicate the streamlines. The dashed line is the
circumference of the 2.38 μm PS colloid placed in the film. The arrow
F indicates the direction of the hydrodynamic force. (B)Hydrodynamic
force on the 2.38 μm PS particle at x = 2 μm distance from the heat
source due to the flow in (A). The hydrodynamic force is calculated
from the integral of the total stress tensor over the sphere surface. The
flow is the result of the local heating of the gold film at the lower
boundary to ΔTmax = 50 K and a resulting thermo-osmotic creep flow
using a thermo-osmotic coefficient of χAu = 10 · 10–10 m2s−1. The force
is plotted vs. the thermo-osmotic coefficient χ at the polymer particle
surface that is varied between the polystyrene (ξPS) and the gold (χAu)
value. (C)Horizontal component of the thermo-osmotic flow velocity
u calculated at x = 2 μm. The diagram shows the strong shear flow
between sphere and gold surface and the weak backflow above the
sphere.
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lower substrate surface the flow not only causes a translational
motion but also a rotational motion of the colloid (see Figure 4C).
The colloid is therefore effective rolling towards the heat source,
which is, however, not optically resolved in our experiments. For
liquid film thicknesses considerably larger than the diameter of the
PS colloids (518 nm particles in a 3 μm film in Figures 2E–G), no
crystal formation is observed in a system with pure water. In these
geometries we detect a repulsion of the colloids from the hot spot by
thermophoresis as depicted in Figure 2F and also previously
reported (Fränzl and Cichos, 2022). The colloids spend much less
time in the strong boundary flow and the boundary flow at the
colloids surface causing the thermophoresis is dominant.

The formation of 2-dimensional colloidal crystals in the
studied sample geometry must be determined by the thermo-
osmotic flow, which is competing with the weaker outflow and
additional thermophoresis. Due to the strong confinement and

the quasi-slip velocity at the lower gold sample boundary the
hydrodynamic boundary conditions are asymmetric, and we
expect even a rolling motion of the colloids towards the
heated spot. Note, that also sedimentation of sufficiently
heavy particles could lead to a strong coupling to the thermo-
osmotic boundary flow thus enabling crystal formation in
thicker films as well.

2D crystal growth by thermo-osmosis and
depletion

The result of the previous section is a colloidal crystal formed
by thermo-osmotic boundary flows under strong confinement of
the colloids in the vertical direction. The strong confinement
effectively pushes the particles into the boundary flow such that

FIGURE 5
(A) Sketch of the colloidal crystal assembly of 518 nm PS particles in the presence of a depletion agent (5% (w/v) PEG 6000). Heating the metal film
creates a region of decreased PEG concentration that allows the crystal assembly. (B) Calculated relative concentration profile (Top view) for p = 0.36
mW, ΔTmax = 6.6 K using the COMSOl temperature profile and a PEG Soret coefficient of SmT � 0.05K−1. (C) Relative concentration profiles according to
(B) in xy-plane, and (D) Relative concentration in xz-plane. (E–G) show the colloidal crystal formed (at p = 0.36 mW) after t = 30 s, 60 s and 120 s,
respectively.
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this attractive component is stronger than the repulsive backflow
and the thermophoretic repulsion. As demonstrated, this may not
be fulfilled under weak confinement, when the liquid film
thickness is considerably larger than the particle diameter. The
colloidal crystals are therefore only two-dimensional.

An additional force on the colloids, pushing them against the
boundary layer, can be generated by an added depleting agent in
the solution (here, 5% (w/v) PEG 6000) (Jiang et al., 2009). The
PEG molecules are repelled from the hot spot to form a region of
decreased concentration due to thermophoresis (see Figure 5A).
Figures 5B–D show the calculated concentration n from the
hotspot along the gold surface (Figure 5C) and normal to it
(Figure 5D). The PEG concentration gradient creates an
additional osmotic pressure on the suspended colloidal
particles directed towards the heated spot (Jiang et al., 2009;
Würger, 2010; Maeda et al., 2011). This pressure adds an
additional force towards the hot spot, which helps in
overcoming the thermophoretic effects, and keeps the colloids
close to the gold surface with the strong thermo-osmotic flows.

Figures 5E−G displays three microscopy images of the
assembly of 518 nm PS particles into 3-dimensional colloidal
crystals for a heating power of p = 0.36 mW and a surface
temperature of ΔT = 6.6 K. The crystal starts to grow in two
dimensions up to a certain size before additional layers form on
top of the layers. The growth is driven by a particle current
towards the hot spot. The measured particle speeds towards the
hot spot are observed to decrease with the distance and follow a
r−2 trend as depicted in Figure 6. Maximum particle speeds of u =
2.5 μm s−1 are observed for a maximum temperature increment of

FIGURE 6
(A) Area of the colloidal crystal made of 512 nm PS beads over time in the presenence of 5 % PEG at different heating powers corresponding to
ΔTmax = 3.66 K, 5.12 K and 6.6 K. The dotted lines indicate growth laws, where the radius of the cluster growth with the

�
t

√
as expected for constant

growth rate. The vertical lines indicate the times at which a second layer starts to form on the first layer. (B) Radial particle speed magnitude |u| as a
function of the in-plane distance r from the heat source. The symbols indicate the experimental speed at different heating powers. The solid lines
correspond to the temperature gradient along the gold surface as obtained from the numerical simulations (Figure 2C) and scaled by some constant
factor tomatch the experimental data. The dashed line shows a r−2 law valid for the temperature gradient obtained for a point heat source for comparison.
Note that the speeds are negative, i.e., directed towards the hot spot.

FIGURE 7
Particle speed magnitude |u| for different physical processes in
the thermofluidic assembly of colloidal crytals when heating a gold
film at (p = 0.36 mW, ΔTmax = 6.6 K). The solid lines show data using
the temperature gradient calculated in finite element simulations
(COMSOL). The orange curve indicates the thermophoretic drift of the
518 nm PS colloids for DT = 0.3 μmK−1s−1. The blue line shows the
thermo-osmotic contribution calculated from the flow profile in
Figure 4C for the given ΔTmax. The red line depicts the depletion
induced drift according to the parameters mentioned in the text. The
black line represents the sum of all terms and the symbols indicate the
experimental data. Note that thermo-osmotic, and depletion result in
negative speeds and thermophoretic speeds are positive with respect
to the radial direction.
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ΔT = 8.06 K. The particle speeds further increase linearly with the
incident heating power.

Figure 6 depicts along with the experimental data the
corresponding temperature gradients at the surface of the gold
film calculated from finite element simulations. The numerical
temperature gradients have been scaled by a constant to fit the
experimental data. The mobility coefficient sums up all different
contributions that scale with the gradients of the temperature. In
addition to the above-mentioned thermophoresis and thermo-
osmosis, it also contains additional contributions from the PEG
concentration gradient. The observed particle speeds nicely follow
the trend suggested by the temperature gradient. Assuming a hard
sphere interaction of the PEG and the colloid we can calculate the
contribution of this depletion interaction (Jiang et al., 2009; Würger,
2010) by Eq. 4

uD � kB
3η

R2
mc0NA TSmT − 1( )∇T, (4)

where Rm is the size of the PEG molecule, c0 is the concentration (in
units of mol l−1 and SmT is the Soret coefficient of the PEG molecule.
For PEG 6000, Rm is calculated to be 3.62 nm using the freely-jointed
chain model, and the Soret coefficient is found to be SmT � 0.05K−1

(Chan et al., 2003).
The diffusion constant of the particles D is found to be

0.26 μm2s−1, which from the expression for Diffusion coefficient
of confined particles corresponds to a gold surface−polymer surface
distance of about 20 nm for the given PEG concentration. The radial
component of the velocities in a plane parallel to the gold surface and
at this height would correspond to the thermo-osmotic contribution
to the speed of the particle undergoing assembly.

The final speed of the particle is then a sum of all these
contributions (Eq. 5).

u � uTO + uTP + uD. (5)
All three individual contributions to the total velocity contributions
are plotted in Figure 7 together with the experimentally determined
velocities using the different thermo-osmotic coeffcients of
PS−water and gold−water interfaces reported above. Overall, the
total magnitude of the calculated and measured velocities agree
quantitatively. The plot indicates that the strongest contribution is
the contribution due to the depletion interaction given the 5% PEG
concentration. The thermo-osmotic contribution is of the same
order of magntitude, while the thermophoretic contribution is
the weakest and can, for the given system, be neglected.

Conclusion

We have demonstrated thermofluidic assembly of colloidal
crystals in two dimensions under strong confinement and in three
dimensions in unconfined geometries in the presence of an additional
depletion agent. We have used optically generated temperature
gradients in a thin gold film to induce thermo-osmotic flows and
concentration gradients of a depletion agent (PEG) in a thin water
film that drive the assembly of colloids. Our analysis shows that when
the colloids are strongly confined, i.e., when the thickness of the water
film is only slightly larger than the diameter of the colloids, the
assembly is driven by thermo-osmotic boundary fluxes without any

depletion agent. However, attraction of the colloids to the hot spot
requires that the thermo-osmotic coefficient χ for the colloid−water
interface be much smaller than the coefficient for the gold−water
interface. In the absence of strong confinement by a second sample
boundary, concentration gradients of a depletion agent can be used to
create a strong attraction of the colloids to the heated regions where
three-dimensional crystals form. The strong depletion interaction is
accompanied by a thermo-osmotic contribution as the concentration
gradients also push the colloids toward the gold-water interface.
Thermophoretic repulsion of the colloids from the heated areas
plays only a minor role.

Overall, a deeper quantitative understanding of the relevant
processes, their important parameters and also their dynamic
response will enable the on-demand construction of more
complex three-dimensional structures by well-controlled spatial
dynamic temperature fields in the future.
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