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Abstract: 1D and 2D patterning of uncharged micro- and nanoparticles via
dielectrophoretic forces on photovoltaic z-cut Fe:LiNbO; have been
investigated for the first time. The technique has been successfully applied
with dielectric micro-particles of CaCOj; (diameter ¢ = 1-3 um) and metal
nanopatrticles of Al (d =70 nm). At difference with previous experiments in
x- and y-cut, the obtained patterns locally reproduce the light distribution
with high fidelity. A simple model is provided to analyse the trapping
process. The results show the remarkably good capabilities of this geometry
for high quality 2D light-induced dielectrophoretic patterning overcoming
the important limitations presented by previous configurations.
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1. Introduction

Nowadays trapping and manipulation of micro- and nano-objects is a fundamental issue for
many applications in nano- and bio-technology [1-3]. In the last years a new technique for
particle manipulation, the so called photovoltaic tweezers (or photorefractive tweezers), has
been proposed [4-6]. The basis of this technique is the bulk photovoltaic (PV) effect [7,8] that
generates high light-induced electric fields in some ferroelectric crystals. These fields can
reach values as high as 10"-10° V/cm for Fe doped LiNbO; [9.10] and depend on the doping
level and light exposure. The field extends to the proximity of the crystal surface (evanescent
field) and can trap either charged particles via electrophoretic (coulombian) fields or neutral
particles via diclectrophoretic (DEP) forces [11]. In this latter case the evanescent PV field
polarize neutral particles and attract them to the substrate. The procedure has been studied and
developed during the last years [12—18] and now it is definitely established its capability to
trap and structure particles on the surface of the ferroelectric material. Moreover, the
technique has a number of key advantages such as parallel manipulation on many particles,
low intensity operation (at difference with conventional optical tweezers) or reconfiguration
capabilities.

However, although the method works very well for 1D particle structuring, 2D patterning
has a limited quality [6,13] because particle alignment in directions parallel to the polar axis
of the PV material is not possible. Moreover, the particle pattern does not reproduce the light
distribution but presents a contouring effect more pronounced in directions normal to the
polar axis. All these effects are a consequence of the directional character of the PV effect. It
induces charge transport along the polar c-axis of the ferroelectric crystal that is parallel to the
crystal surfaces in all previous works because they use x or y-cut substrates. We will call this
geometry parallel configuration. To overcome this problem, only a very recent paper [19]
proposes to use a different configuration in which the polar axis is normal to substrate faces
(z-cut). This latter geometry will be called perpendicular configuration along this work. Using
this configuration those authors demonstrate high quality 2D particle structuring but only
when the particles are charged, i.e., using electrophoretic forces. In fact, the authors expect
difficulties to apply the perpendicular configuration to neutral particles by diclectrophoretic
forces. It is worthwhile noting that whereas the photovoltaic charge transport and space
charge fields in x- and y-cut configurations have been largely studied in connection with the
photorefractive effect (see [20] and references therein) the theoretical analysis of the z-cut
geometry, necessary to clarify its possible application for PV DEP patterning, is still lacking.

In this work we have investigated the capability of z-cut Fe:LiNbO; substrate to trap and
pattern neutral micro and nanoparticles through PV diclectrophoretic forces. A simple
theoretical model is presented to provide a first analysis of this new configuration, showing its
ability for dielectrophoretic particle trapping. Then a set of 1D and 2D patterning experiments
are performed. The method is successfully applied with dielectric micro-particles of CaCO;
(diameter d = 1-3 um) and metal nanoparticles of Al (d = 70 nm). High quality 2D particle



patterns that accurately reproduce the light patterns are obtained. To evaluate the advantages
of the new configuration particle patterns obtained with the same light distribution in x- and z-
cut substrates are compared.

2. Simple theoretical analysis

The bulk PV effect [7.8], basis of the present particle trapping method, consists in a non-
symmetrical light-induced excitation of electrons from impurities giving rise to charge
transport along the polar axis of the Fe:LiNbO; crystal. As a consequence, charge
redistribution and the corresponding electric field (PV field) are generated. Most previous
reported experiments use x- or y-cut crystals, with the polar axis parallel to the crystal surface
(parallel configuration), whereas in this work we investigate the perpendicular configuration
with the polar axis normal to the surface. In Fig. 1 we plot a simple scheme to illustrate the
bulk charge distribution generated by the PV effect under homogeneous illumination for both
parallel, Fig. 1(a), and perpendicular, Fig. 1(b), configurations respectively. It shows that in
the parallel configuration the crystal charges migrate to the edges of the illuminated region
perpendicular to the c-axis whereas in the perpendicular geometry locate in both surfaces
along the whole illuminated region. Note that from simple symmetry arguments, it can be
inferred that the orientation of the polar axis should induce anisotropy for surface particle
trapping only in the parallel configuration. This suggests that the perpendicular configuration
can be advantageous for 2D patterning.

(a) (b)

Fig. 1. Schematics of (a) the parallel and (b) perpendicular configurations showing the light
induced charge separation due to the photovoltaic effect.

As previously mentioned, a detailed theoretical description for the PV space charge fields
and DEP forces developed in z-cut has not been addressed so far. In fact, a rigorous
theoretical description for the involved perpendicular configuration, including edge effects
and non-linear transport (necessary to describe particle trapping), is far from a simple theory.
However, it is worthwhile addressing a simple preliminary analysis on the capabilities of the
perpendicular configuration for PV DEP particle trapping in order to highlight the main
physics involved. To this end, we consider the usual band transport model with one
photorefractive center, in our case Fe*'/Fe*", (see refs [8.20]. for more details). We assume a
sinusoidal light illumination /(x) = Io(1 + mcoskx), the most commonly used in previous
experiments, illuminating the substrate. Due to the photovoltaic effect, an electronic current
density jp;- establishes along the polar axis (z + direction)

Jor =esDlp, Iu, ¢y

s being the photoinization cross section of donors, 1 the donor concentration ([Fe*']) and /py
the PV drift length (~1-5 A). This current density leads to charge accumulation and so, to a
surface charge density o(f), in both crystal faces (normal to the polar axis) with opposite signs.
Any transversal component of the PV charge current density is neglected in this simple
model. The surface charge gives rise to a bulk electric field inside the crystal along the polar
axis Ep (1) = (o(t)/ego)u,. In turn, the bulk field incorporates a drift term to the current density
with magnitude jr = —unekgu, = —unec/sey u,, where u and n are the electronic mobility and



the density of electronic carriers respectively. The time evolution of the accumulated surface
charge density in the + ¢ surfaces is calculated integrating the equation do = (jpr + jp)dt
obtaining

o.(x,1) =F0, (0)[1-exp(—1/7)] 2)

where o.. (0., = egylpyslD/une) is the charge density accumulated at steady state at any of the
surfaces, and 7 = esyuen = 1/BI is the time constant that is proportional to the inverse of the
local intensity through n = sID/y4 (4 being the acceptor concentration of impurities [Fe']
and vy the electronic trapping cocefficient). For more details on all these typical photorefractive
relations and parameters see reference [20]. To have a first insight in the time dependence of o
it is useful to use a Taylor expansion:

o(x.0)=F0. (x)[ ﬂ](x)t—% B (x)F + } 3)

It shows that o(x,?) is proportional to the light intensity and so, it is also sinusoidal if all
terms excepting first order can be neglected, i.c. for short enough times. On the other hand,
for very long times the space charge, as inferred from Eq. (2), become homogeneous (o (x,7) =
0..). However, it is worthwhile noting that possible transversal current contribution, neglected
in this simple model, may affect particularly for long times near the steady state.

Hence, the charge redistribution generates: i) bulk PV ficlds Ep that can reach the same
high values than in the parallel configuration, ii) the corresponding evanescent electric field
outside the crystal nearby to the surface. The latter ones polarize the particles and attract them
to the substrate via dielectrophoretic forces which for isotropic particles and in the Rayleigh
approximation can be written as

F,,, (x,z,0)= ,0VE*(x,z,1) @)

a being the particle polarizability [12]. Neutral particles should trap at the minima of the
corresponding dielectrophoretic potential

Voer (3. 2,0) = —g,@E2 (%, 2,1) 3)

We have numerically calculated the DEP potential corresponding to the surface charge
distribution given by Eq. (2) for different light time exposures. To this end, we first calculate
the evanescent electric fields E,.(x,z? by superposition of the coulomb contributions
dE,, [x,z,1) associated to each elementary dQ = odS along both crystal surfaces. Note, that the
evanescent ficlds have both transversal, %,, and vertical, £,, components. From E,,,(x,z,) we
trivially calculate Vpgp(x,z,1) using Eq. (5).

In Fig. 2 we have represented the normalized surface charge density distribution o(x, #) and
DEP potential on the surface for a sinusoidal illumination / = Io(1 + mcoskx). o(x,1) is
calculated using Eq. (2) and Vpge as described in the previous paragraph. The light
modulation m and light period 4 = 27/K have been chosen to be m = 0.95 and 4 = 30 pum,
respectively. The sinusoidal intensity profile is also plotted for reference in Fig. 2(a).

It can be seen, that the surface charge, that is in phase with the light distribution, is
sinusoidal only for the lowest time ¢ = 0.257, as already discussed through Eq. (3). For longer
times the maxima markedly broaden, approaching a nearly flat profile for £ = 20z. In turn, the
DEP potential has pronounced minima coinciding with the regions of maximal charge
accumulation and maximal light intensity. In this potential minima particle trapping should be
possible and so, at difference with the parallel configuration [21], trapping occurs where light
intensity is maximal. In addition the curve shape changes as ¢ increases showing a narrower
minima for intermediate times. Finally, for long enough times (#2207) in this simple model the
dielectrophoretic potential is nearly flat and trapping progressively disappears. In summary,
our simplified analysis on the DEP potential suggests that neutral particle patterning is indeed
possible in this perpendicular configuration and that the illumination time plays an important
role in the pattern morphology. Hence, in the rest of this work we will experimentally



investigate this perpendicular configuration that will be used for the first time for DEP
trapping of neutral particles. Particular attention will be paid to 2D trapping in order to check
whether the limitations of the parallel configuration are overcome.
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Fig. 2. Spatial distribution of (a) surface charge density and (b) dielectrophoretic potential in z-
cut Fe:LiNbO; for sinusoidal illumination along the x-axis. Curves for light exposure times of
0.257, 7, 57, and 20t are plotted. For reference, the illumination intensity profile is also drawn
(solid line) in (a).

3. Experimental method and results

The experiments have been carried out in 1 mm thick z-cut congruent LiNbO; crystals highly
doped with iron (~0.1% wt) in order to have a strong photovoltaic effect. For comparison, x-
cut crystal samples with the same properties are also used.

We generate the particle patterns in a two-step process [18]: first, the substrate is
illuminated to induce the PV ficlds. Second, after illumination, the substrate is immersed in a
suspension of particles allowing them to deposit on the crystal surface. This sequential
method simplifies the experiments and avoids the coupling of photovoltaic field trapping with
pyroelectric effects [22] that might appear due to light-induced heating. Illumination has been
carried out with a cw doubled Nd:YAG laser (A = 532 nm) applying different 1D and 2D light
patterns: sinusoidal patterns obtained by two-beam interference, rectangular homogeneous
illumination using a rectangular slit and arbitrary 2D light patterns by image projection using
a spatial light modulator (Holoeye LC-R1080 model).

After substrate illumination particle deposition is carried out using a non-polar hexane
suspension (with null dipolar moment) in which the substrate is immersed during a time that
we will call deposition time. The obtained particle patterns do not depend on the specific
surface ( + z or —z) illuminated, as expected from dielectrophoretic trapping of neutral
particles. Dielectric CaCO; micro-particles (diameter d~1-3 um, homemade) and metallic
aluminium nanoparticles (d~70 nm, bought to Skyspring Nanomaterials, Inc.) have been used.
The neutrality of particles was also checked by simple electric experiments applying constant
external DC fields to the hexane suspension observing no effect that could be associated to
charged particles. The particle distribution was visualized by micro-photographs.



3.1 Singe-slit illumination experiments

A simple first experiment to check the viability of DEP trapping in the perpendicular
configuration has been carried out illuminating the sample through a narrow slit, 2.1 mm
wide. The situation corresponds essentially to the schematics of Fig. 1. After illumination, we
deposited either micrometric CaCO; or nanometric Al particles from the hexane suspension.
The same experiment but using a x-cut substrate (parallel configuration) is also performed for
comparison. Photographs of the patterns obtained are presented in Fig. 3 for the perpendicular
(Figs. 3(a) and 3(b)) and parallel (Figs. 3(c) and 3(d)) configurations. It is remarkable that
successful DEP trapping of neutral particles has been obtained for the first time on a z-cut
sample. Moreover, the results show significant differences between the perpendicular and the
parallel configurations. In x-cut the particles trap at the two slit boundaries perpendicular to
the polar axis independently of the sign of the bulk charges. This pattern, already found in
previous work [13], is typical for dielectrophoretic trapping of neutral particles. In turn, for
the perpendicular configuration they trap along the whole illuminated reproducing the light
pattern. Note that in both geometries particles trap in the regions where bulk charges are
accumulated (see Fig. 1) as it can be expected. Finally, it is worthwhile noting the ability of
the configuration to trap either micrometric or nanometric particles.

1 mm

Fig. 3. Patterns obtained under homogeneous illumination through a rectangular slit for
perpendicular, (a) and (b), and parallel geometries, (¢) and (d), using CaCO; microparticles, (a)
and (¢), and aluminum nanoparticles, (b) and (d). In all case the light intensity on the substrate
was 26 mW/cm®.

3.2 Sinusoidal illumination

As a second step, we have checked the previously analyzed sinusoidal illumination, i.e. a light
intensity pattern / = /(1 + mcoskx) with high contrast m. We have tested this illumination
pattern with a z-cut configuration using a light period of 28 um and m = 0.95, just the same
parameters of simulation of Fig. 2. The light exposure time has been 10 min and the
deposition time, i.e. the time of sample immersion in the particle suspension, 30 s. The result
is shown in Fig. 4(a) where a well-defined periodic particle pattern with the same periodicity
of light is clearly scen, as expected from theory. For comparison purposes a particle pattern
obtained with an x-cut substrate with the same experimental conditions is shown in Fig. 4(b).
The particle period is also the same of the light pattern. It is clearly seen that for sinusoidal
light illumination and the experimental parameters used, the orientation of the crystal does not
affect the main features of the pattern although perhaps the definition is slightly better in x-
cut. Moreover, the period of the pattern (4 = 28 pum) is remarkably low, not too far from the
smallest value reported in the literature for x-cut which is about ~4 pum [18].
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Fig. 4. Micro-photographs showing 1D periodic structuring of Al nanoparticles in (a) z-cut and
(b) x-cut Fe:LiNbO;. The particle period is 28 pum, 7 = 0.95 and the illumination light intensity
96 mW/cm?.

We have also investigated the influence of the light time exposure in the deposited particle
patterns that, according to theory, is a key parameter for z-cut. First, we have determined by a
holographic technique [23] the time constant of the light-induced recording of the
photovoltaic fields, resulting to be T =2 min for the light intensity used in the experiment (/p =
I, + I, = 96 mW/cm®. We have carried out patterning experiments with the same
experimental conditions of the previous experiments (4 = 28 pm and m = 0.95) but for three
different light exposure times of 30 s, 2 min. and 40 min. (i.e. 0.257, 7, 207). The particle
deposition time is 30 s in all experiments. The results are shown in Fig. 5. Note that the
experiment of Fig. 4(a) completes this series with its intermediate exposure time of 10 min
(57) and to facilitate comparison it is also included in Fig. 5 as Fig. 5(c).

cO cO c® cQ
100 pm 100 pm 100 pm
(a) (b) ©

Fig. 5. Micro-photographs showing 1D periodic structuring of Al nanoparticles in z-cut
Fe:LiNbO; for different light time exposures: (a) 0.25z, (b) 7, (¢) 57 and (d) 20z. The light
intensity on the substrate was 96 mW/cm?.

(d)

As it can be expected, the particle density increases with the time exposure obtaining a
very well defined pattern for £ = 5t (Fig. 4(a)). On the other hand, the width of particle fringes
is minimum for ¢ = 7 in rough agreement with theory. For long times (f = 207) the particle
pattern, although less clean than for shorter times, is still well defined having a width of
fringes d<A/2 what is not in accordance with theoretical predictions (see Fig. 2). Then, as
expected the simple model does not described well the results for long times. Anyhow, from a
practical point of view, this is an advantageous result because particle patterning is also
possible for long exposure times.

3.3 Two-dimensional patterns

Let us now investigate 2D patterning, the main objective of this work. To this end, a Fresnel
lens type light distribution, obtained with the spatial light modulator, has been projected onto
the sample. After illumination during 15 min., CaCO; particles have been deposited by a 20 s
immersion in the hexane suspension. The obtained pattern is shown in Fig. 6(a) together with
the corresponding pattern generated in a x-cut substrate (Figs. 6(b) and 6(c)) for comparison.



(a) (b)

Fig. 6. Photographs of CaCOs; microparticle patterns obtained from a Fresnel lens type light
pattern on the surface of: (a) a z-cut substrate, and (b) a x-cut substrate. (¢) Magnification of a
region of the pattern (b) obtained with an optical microscope. Substrates were illuminated with
a light intensity of 13 mW/cm®.

The z-cut particle pattern exhibits a really good fidelity to the light pattern for any
direction whereas the x-cut pattern is well defined for fringes perpendicular to the z-axis but
disappears in the regions with fringes parallel to it. Moreover, in the microscopic image of a
region of the x-cut pattern (Fig. 6(c)) it can be better appreciated that particles are placed at
the boundaries of the illuminated rings analogously to the case of the single slit experiment
(Fig. 3(c)). Then, as expected z-cut samples result to be much better templates for PV 2D
neutral particle patterning accurately reproducing the light pattern.

In order to further investigate the 2D patterning capabilities at the nanometric scale we
have also carried out experiments with metallic Al nanoparticles (¢ = 70 nm). We have used
the same Fresnel lens pattern already applied with CaCOs;, and additionally, another one
consisting in a mosaic of triangles. The results are shown in Fig. 7. It can be observed the
good quality and definition of the patterns that accurately reproduce the light distribution,
even in the vertex of triangles. They are even better defined than those obtained with CaCOs;,
probably due to the smaller diameter of particles. On the other hand, it is also remarkable that
large sizes (~5 x 5 mm) can be patterned with good quality and homogeneity, as it can be seen
in Figs. 7(a) and 7(c).

4. Discussion and conclusions

The main throughput of this work is the demonstration that the so called perpendicular
configuration (z-cut) of PV substrates allows efficient DEP trapping and patterning of neutral
micro and nanoparticles. These results together with those obtained for 2D patterning of
charged particles in reference [19] show clear advantages for operation of PV tweezers in this
perpendicular configuration. Specifically, this configuration has two main properties,
isotropic particle trapping over the crystal surface and local replica of the light pattern. These
features are different from those of the parallel configuration (anisotropic particle trapping
and contouring of the light regions) and imply a better performance especially for 2D
patterning although are also useful for 1D.

The theoretical description of the generation of PV fields is not an easy task due to the
nonlinear equations controlling PV transport [7,8]. The parallel configuration had been
extensively studied in connection with photorefractive nonlinear optics [24]. Besides, very
recent works of our group have analyzed it for PV trapping [12,21]. However, the analysis of
the PV effect in the perpendicular configuration under inhomogeneous illumination had not
been addressed so far, probably because it seemed not to be interesting for non-linear optical
applications. Here, we have proposed a very simple preliminary model for the PV effect in z-
cut Fe:LiNbO; and apply it for sinusoidal illumination. It predicts good capabilitics of the
perpendicular configuration for DEP patterning of neutral particles that have been
corroborated by the experiments. The theory seems to reasonably describe the experiments for
short and moderate exposure times but fails for long exposure times, very likely because the



transversal transport neglected in this simple model plays an important role for long times.
Further work to accurately model this configuration should be very useful.

(c)
Fig. 7. Photographs of aluminum particles patterns on z-cut surfaces obtained using two
different 2D light illuminations patterns (both with 7 = 13 mW/cm?): (a) Fresnel lens type, and

(¢) mosaic of triangles; (b), (d) magnification of a region of the respective patterns obtained by
optical microscopy.

Regarding experiments, it is remarkable that particle patterning has been obtained with all
illumination patterns, demonstrating the unquestionable capability of this configuration to
operate on neutral particles. It is worthwhile noting here that the main features of the particle
patterns confirm the neutrality of the particles because they are only compatible with
uncharged particles. Charged particles of one sign are not compatible with either the results
for the single slit for x-cut of Figs. 3(c) and 3(d) (the patterns should be asymmetrical instead
of symmetrical [13]) or the 2D results (at difference with our experiments, the particle pattern
should appear in only one face of the crystal [19]). In turn, charged particles with two
opposite signs are not compatible with results for sinusoidal illumination on x-cut substrates
of Fig. 4(b) (the particle pattern could not have just the same period of light [19] as it is
observed). On the other hand, the experiments using illumination through a slit are very
simple but illustrative to remark the different behavior of the parallel and perpendicular
configurations (see Fig. 3). As for sinusoidal illumination the results show similar capabilitics
to those of the parallel configuration. Moreover, remarkably low particle periods (30 pm)
have been obtained not far from the smallest ones reported for the parallel configuration [18].
In fact, further reduction of the pattern periods is very likely reachable because optimization
of this parameter has not been pursued in this first work.

Finally, for 2D illumination, the obtained particle patterns for the perpendicular
configuration are really very good local replicas of the light images. The patterning is
isotropic in the sense that it works for all directions at difference with the parallel
configuration. Another important point is that large areas are patterned, what is often difficult
to achieve with other methods such as conventional optical tweezers. Moreover, the local
response to light illumination facilitates to design at will the particle patterns what is also
difficult for other optoelectronic trapping approaches. In addition, one can expect the same



capabilities for pattern reconfiguration already demonstrated for the parallel configuration
[14,16].

In summary, we can conclude that the perpendicular configuration is an outstanding
advance in the development of PV tweezers assuring high quality 2D micro- and nanoparticle
patterning and much simpler control of the trapping regions. This implies a remarkable
progress that should convert PV tweezers in a very competitive tool among optoelectronic
particle trapping techniques.
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