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Abstract: The bulk photovoltaic effect is a phenomenon that generates high electric fields in
certain ferroelectric crystals under illumination, as iron doped lithium niobate (LiNbO3:Fe). A
variety of innovative applications of these electric fields require using of z-cut plates, in which
the polar axis is normal to the larger crystal faces. However, the kinetics and distribution of the
photovoltaic fields in this configuration have not been investigated in depth. In this work, the
photovoltaic charge transport of z-cut configuration is studied through a complete finite element
analysis. Light patterns commonly used for particle trapping applications are used to study the
temporal evolution of the electric field developed by the crystal. Results show that photovoltaic
currents perpendicular to the optical axis play a key role in the development of the final charge
distribution. Moreover, there is a relevant, localized charge accumulation inside the crystal which
is required to reach the saturation electric field in the whole illuminated volume. The role of
crystal thickness and light absorption are analysed. It has been found that they are important to
determine the time evolution of the process. The simulations are expected to be a key tool to
analyse and improve photovoltaic optoelectronic tweezers.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Recently, numerous techniques for optical trapping and manipulation of nano- and micro-objects
have been developed. Optical tweezers [1,2,3] is probably the best-known technique related to
pure optical trapping and manipulation. This technique consists in using focused light beams to
trap and manipulate particles. Holographic tweezers is a similar technique [4,5], which overcomes
the lack of high throughput associated to conventional optical tweezers. A different approach
consists in using light not to trap directly the particles but to generate high electric fields in some
ferroelectric materials through the bulk photovoltaic (PV) effect [6,7]. These electric fields can
trap and arrange particles on the surface of the crystal following a distribution determined by the
light pattern. This is the basis of an optoelectronic technique called optoelectronic photovoltaic
tweezers (PVT) [8,9,10,11,12].

The bulk PV effect is a singular phenomenon that gives rise to very high light-induced electric
fields in certain ferroelectrics. These fields have found a variety of applications in different fields
aside from the traditional one of nonlinear optics (photorefractive effect) [13]. Novel applications
such as light-induced crystal liquid polarization [14,15,16] biological applications of ferroelectric
substrates [17,18] or, as mentioned above, optoelectronic manipulation of micro- and nano-objects
(see [10,11,12,19] and references therein). Iron doped lithium niobate (LiNbO3:Fe) is the material
typically used for these applications due to its large photovoltaic fields (106-107V/m). The
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PV effect has been largely studied for x- and y-cut configurations (with the polar axis parallel
to the crystal plate surface) in connection with their photorefractive applications [13], but the
substantially different light-induced charge transport in z-cut crystals (with the polar axis normal
to the crystal plate surface), which is nearly useless for those nonlinear applications, has been
scarcely studied. However, the most innovative applications of this material (PVT [20,21,22],
crystal liquid polarizations [14,15,16], droplet manipulation and generation [23,24,25,26]) are
precisely based on this configuration. So far, only some simple models are available for calculating
the charge distribution and electric field in z-cut LiNbO3:Fe crystals [16,26,27,28,29,30]. Each
one makes its own simple approach to the problem, but all of them neglect the transversal
component of the electric field (perpendicular to the c-axis) inside the crystal and the light
absorption by the material. Moreover, they assume that all the generated charge is distributed
solely as surface charge without any contribution of bulk charge. Some of them describe the
temporal evolution of this surface charge [23,29], whereas others only consider the stationary
case [16,27].
In this work, we have developed a more complete and realistic approximation, considering

rigorously the bulk transport by imposing no restrictions on the current components and the
space-charge build-up, i.e., we have considered the whole 3D problem. Moreover, we have also
allowed light absorption by the crystal in the calculations. To this end, we consider a detailed
model based in the complete system of partial differential equations known as rate equations
[30] and use the finite element method (FEM) for computing the electric field and space charge
distribution in z-cut crystals under different illumination patterns and crystal conditions. It is
important to emphasize that all the particle and droplet manipulation applications mentioned
above take advantage of the electric field outside the crystal (evanescent fields). Therefore, the
evanescent fields and their related electrophoretic (EP) and dielectrophoretic (DEP) forces and
potentials are also studied in the present work. In addition, the final section of the analysis is
dedicated to study the relation between light intensity, exposure time and crystal doping and
thickness and how these parameters affect to the time evolution of the electric field.

2. Model description

Photovoltaic crystals can have one or more photovoltaic centers that act as sources and sinks
of charge. In this work, we have considered the standard single center model for LiNbO3:Fe,
i.e., there is only one kind of trap (iron ions) that acts as donor (Fe2+) and acceptor (Fe3+) of
free carriers (electrons). Qualitatively, the process is as follows. When a LiNbO3:Fe crystal is
illuminated with a suitable wavelength, electrons from Fe2+ donors are excited and jump from
the valence to the conduction band. Due to the non-centrosymmetry of the crystal, the electron
is excited in a preferential direction, determined by the optical or c-axis of the material. After
moving through the conduction band, the electron is trapped in a Fe3+ acceptor, that becomes a
new donor. If this new donor is also in an illuminated area, the process recurs, so after some time
a charge redistribution inside the crystal is obtained. The directional carrier displacement due to
the photoexcitation phenomenon is called photovoltaic current [13,31].

Charge transport inside LiNbO3:Fe, induced by an arbitrary light pattern (I(x)), is determined by
a system of three partial differential equations, the rate equations [13]. Dark current contributions
have been neglected because its contribution is very low at room temperature, so the system of
equations is written as follows:

dn
dt
= sIND − γnNA −

1
q
∇ · J (1)

dND

dt
= −

dNA

dt
= −sIND + γnNA (2)

J = qµnE − qD∇n + qsINDLPV ûPV (3)
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And the electric field is calculated by Gauss’s law:

∇ · (ε0εrE) = q(n + ND − ND0) (4)

The following table summarizes the definitions and values of the previous equations’ parameters:
The equations are coupled and highly non-linear. In the literature, the whole set of equations

has been successfully solved for x-/y-cut LiNbO3:Fe crystals in numerous works (see [13] and
references therein). Specifically, calculations including the dielectrophoretic forces arising from
the space charge fields that act on particles close to the substrate can be found in [32,33,34].
However, in terms of z-cut crystals (with the polar axis perpendicular to the surface), it has been
only solved partially and under certain approximations, due to the complexity related to charge
accumulation in the crystal surfaces and the absence of an appropriate treatment of the charge
accumulation in the bulk [13,16,27,34,35].
In this work, the whole set of equations has been solved for z-cut crystals using FEM

and the software COMSOL Multiphysics v5.3. The details of its resolution are explained in
Appendix. For the simulations, we have used the parameter values indicate in column 2 of
Table 1, which are typical for iron doped lithium niobate crystals used in PV applications. In
particular, the total impurity concentration (N = NA0 + ND0 = 4.73·1025m−3) corresponds to an
iron doping of 0.25mol%. This is the dopant concentration of the crystals commonly used in
our laboratory, although other concentrations, usually lower, have been used by other research
groups [15,20,23]. The oxidation-reduction ratio ([ND0] / [NA0]= 0.09) was measured by optical
absorption techniques [36].

Table 1. Variables and parameters used in the simulations by default. Typical values are indicated
when appropriate [32].

Variable or parameter (Value) Units Description

n (x, y, z, t) m−3 Free carriers density (photoexcited electrons)

ND(x, y, z, t) m−3 Donor concentration (Fe2+)

NA (x, y, z, t) m−3 Acceptor concentration (Fe3+)

I (x, y, z) m−2 s−1 Incoming light intensity distribution

J (x, y, z, t) A m−2 Current density

E (x, y, z, t) V m−2 Total electric field

ûPV 1 Unit vector along the c-axis direction

ND0 4·1024m−3 Initial donor concentration

NA0 4.33·1025m−3 Initial acceptor concentration

s 2·10−22m2 Photoionization cross section (at 532 nm)

γ 10−15m3s−1 Recombination constant

LPV 5·10−10m Photovoltaic transport length

D 1.26·10−8m2 s−1 Diffusion coefficient

µ -5·10−7m2 V−1 s−1 Electron mobility

q -1.60·10−19C Electron charge

ε0 8.85·10−12F m−1 Vacuum permittivity

εr ε11 = ε22 = 84.6 ; ε33 = 29.1 Permittivity tensor of LiNb03:Fe (diagonal)

3. Results

3.1. Illumination patterns

Three basic illumination patterns have been selected for their simplicity and wide use in practical
applications of PVT [16, 20, 21, 23, 35, 37]: a single circle, a Gaussian spot and a sinusoidal
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periodic pattern. In all three cases, the crystal thickness (lz) is 500 µm and the crystal is illuminated
only from one of its surfaces, in order to investigate the different temporal evolution of the
illuminated and non-illuminated faces. Considering the crystal thickness (lz=500 µm) and its
absorption coefficient (α532=800m−1, see section 3.2), the ratio between the light intensity at the
non-illuminated and the illuminated face is around 0.67. Different light intensities have been
chosen for each illumination pattern in order to match the typical experimental values of this
parameter.
The study is focused on the temporal evolution of the charge distribution associated to each

illumination pattern and their corresponding DEP and EP forces and potentials. Just in the case
of circular illumination special attention is also paid to the photovoltaic currents and the internal
electric field distribution. The simplicity of this pattern makes it a useful example to illustrate
the temporal evolution of these magnitudes in z-cut crystals. This way, only the most relevant
phenomena of each pattern are highlighted, and unnecessary repetition is avoided.

3.1.1. Single circle

Among all the possible illumination patterns, a single circular spot presents some features that
make it interesting for a first analysis: it is simple, symmetric and, in contrast to a Gaussian
profile, its intensity distribution is homogeneous and has a well-defined limit. The simulated
crystal and light distribution are presented in Fig. 1: a z-cut LiNbO3:Fe crystal illuminated by a
∅250 µm single circular spot (160W/m2 @532 nm).

Fig. 1. Diagram of the crystal model and its coordinate system. Illuminated area in shown
in green.

Attention has been paid to different variables in order to study the temporal distribution of
the space charge and the electric field inside and outside the crystal. The first one is the electric
current (J, see Fig. 2), that has been evaluated at the six points labelled in Fig. 1. The components
of the current inside the crystal (Eq. (3)) are parallel (JZ) and radial or transversal (JR) to the
c-axis; the temporal evolution of each component is clearly different. On the one hand, for all
points, JZ fits an exponential decay law:

JZ = JZ0e
− t

τJ (5)

Their time constants (τJ) mainly depend on the point position: the closer to one of the crystal
surfaces or to the center of the circular spot, the lower τJ is. In addition, for a given crystal
doping and oxidation-reduction ratio, the initial value of the current, JZ0, only depends on the
local light intensity, and it is larger for higher intensities, as can be deduced from Eq. (3). In
this case, the intensity decreases from point 1 (the highest) to point 6 (the lowest). A detailed
explanation of the light intensity distribution can be found in Appendix.
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Fig. 2. Current density components at different points in the crystal. Plots are labelled ac-
cording to Fig. 1. (A) Current density parallel to c-axis, JZ (B) Current density perpendicular
to c-axis, JR.

On the other hand, JR behaves in a different way. First, due to the symmetry of the light
pattern, this component is null for the points belonging to the central axis of the illumination (1,
3, 5). That is the reason why in Fig. 2(B) JR is only plotted for points 2, 4 and 6. Second, to
explain the shape of these curves, one must keep in mind that LiNbO3:Fe becomes a conductor
when it is illuminated. In this situation, the electric charge moves towards the interface with the
non-illuminated part of the crystal, that is still dielectric, due to the transversal components related
to the local electric field and the diffusion. Quantitatively, this transversal current component is
comparable to the z-component and its saturation times are larger.

The increasing and decreasing slopes of JR are related to the charge distribution and evolution
in the crystal, which is mainly determined by the local light intensity. The integrals of the plots
corresponding to both surfaces (2, 6) are equal (in absolute value), whereas the one corresponding
to the center plane (4) is zero. This points towards an antisymmetric charge distribution about the
central plane of the crystal at saturation, even though the time evolution in both faces is different
due to light absorption. This difference in time evolution appears as a broader but lower radial
current plot at the non-illuminated face in Fig. 2(B), which means that the process at that face is
slower.
The second physical magnitude to be analyzed is the surface charge density. The simplest

models for charge transport in z-cut crystals deal with this configuration as a parallel plate
capacitor [28,29] and neglect transversal current contributions. According to these models, the
time evolution of surface charge density is also an exponential decay function:

σ = σsat

(
1 − e−

t
τ

)
(6)

With σsat = ε0ε33NA0γLPV/µ and τ = ε0ε33NA0γ/µqsIND0.This simple description of the
charge evolution introduces an important parameter, the light exposure (I · t), which is a good
indicator of the speed of the process and can be used to compare calculations and experiments
performed with different light intensities.

In Fig. 3(A), the time evolution of σ using this simple approximation and that calculated with
the complete model are compared. The time evolution is faster if the simple model is used, but the
value of σ is similar in both cases, excepting for a small area close to the limit of the illumination
(see Fig. 3(B)). In those zones, charge accumulation occurs. This is a direct consequence of the
transversal component of the current, JR.
Lateral charge accumulation is best noticeable comparing the space charge distribution early

in the illumination and after a long time. Figure 3(C) shows the space charge in the crystal
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Fig. 3. (A) Surface charge evolution at the center of the illuminated area according to
the complete model and the simple one. (B) Surface charge density versus the distance
to the illumination center (R) according to the complete model for the illuminated and
non-illuminated faces at three different times. In grey, the light extension. Note that, at
saturation, the surface charge density distribution of the illuminated and non-illuminated
faces is equal and has a sharp peak at the illumination boundary. (C) Space charge density at
t=10 min (top) and at saturation (bottom). The inset at saturation shows a sharp accumulation
of space charge at the boundary that extends from the surface to the bulk. The position of this
space charge accumulation matches that of the surface charge peak shown in (B), although it
is not as easy distinguishable in the surface due to its narrowness and the color scale.

at two different moments. For short times (10 minutes), charge distribution closely follows
the illumination pattern, as the simplest models predict [28,29]. However, for longer times
(saturation), charge increases at the boundary more than in the center of the pattern, resulting in
peaks of spatial and surface charge (Figs. 3(B),(C)).
This charge accumulation at the boundaries between the illuminated and non-illuminated

areas of the crystal is what compensates for the finite size of the crystal and the illumination
and produces a uniform electric field inside the material. This concept is better explained in
Figs. 4(A)-(D). They show the electric field distribution inside the crystal at two different times
considering the charge distribution given by Eq. (6) (Figs. 4(A),(C)) or the complete model
(Figs. 4(B),(D)). Both models take light absorption into account. The arrows point towards the
local electric field direction, while the background color represents the electric field component
parallel to the c-axis (EZ). In Fig. 4(D) (complete model) the electric field is homogeneous and
equals the saturation one [13,38] in the whole illuminated area of the crystal whereas in Fig. 4(C)
(simple model) saturation value is only reached close to the surfaces.

It is worth mentioning that the internal electric field distribution of the simple model very
much resembles the complete model’s at short illumination times (Figs. 4(A)-(B)). In fact, the
saturation field is first reached at the crystal surfaces and last at its center (Fig. 4(E)). This is of
special interest because the field that matters for PVT operation is the one at the surface. This
result shows that there is no need for the crystal to be completely saturated to develop an electric
field high enough for trapping particles.
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Fig. 4. (A-D) Internal electric field according to the simple model (A, C) and the complete
model (B, D). The green area indicates the illumination extension. (E) Time evolution at 6
points of the crystal labelled according to Fig. 1.

Finally, as said in the introduction, the ultimate goal of this analysis is computing the evanescent
electric field and their associated DEP and EP potentials, as they determine the distribution of
neutral and charged particles on the crystal surface respectively [22] DEP and EP potentials are
conservative and directly related to the evanescent electric field (Eev):

UDEP ∝ −|Eev |
2 (7)

UEP ∝ −Eev (8)

Figure 5 shows DEP and EP potentials and forces for a diametral plane at two different
times: at the beginning of illumination and at saturation. The differences in the illuminated and
non-illuminated faces are quite significant for short times, whereas at saturation potentials at
both sides are identical. Note that the EP forces and potential have opposite sign in each face, so
in Figs. 5(D),(H) their sign has been changed for better comparison between the illuminated and
non-illuminated face.
The shape of these potentials agrees with those of simpler models already published [22,27].

For short times, DEP forces are basically perpendicular to the crystal surface above the illuminated
area, whereas for saturation the forces “bend” towards the edge of the illumination, where the
potential is locally very low. Therefore, there is some edge enhancement expected in DEP
patterning [22]. For EP potentials, the shape of the forces and the potential is almost independent
of the illumination time. However, its area of influence is larger for longer exposure times.
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Fig. 5. (A, C, E, G) Dielectrophoretic and (B, D, F, H) electrophoretic forces and potentials
produced by a circular light distribution. The arrows point towards the local direction of
the (A, C, E, G) DEP or (B, D, F, H) EP force. For each illumination time (10 min and
saturation), the upper part corresponds to the illuminated face and the lower one to the
non-illuminated one. In (D) and (H) the sign of the force and potential has been changed for
better comparison between both faces.

3.1.2. Gaussian beam

The next case is a Gaussian beam profile:

I(r) = Ipe
− r2

2σ2
G (9)

This illumination profile is of special importance, as it is the most common laser beam shape
and a typical case in photorefractive studies and experiments. In this section, a σG=7 µm,
I=7.64W/cm2 beam @532 nm has been calculated.

Figure 6(A) shows the time evolution of the space charge and Fig. 6(B) of the surface charge.
In contrast to a circular illumination, a Gaussian beam profile does not have a precise boundary,
as light intensity decreases gradually. However, despite that absence of a precise limit, a peak of
surface charge also occurs due to the lateral charge transport. This peak is broader for a Gaussian
beam than for a circular illumination, and so it is the space charge accumulation inside the crystal
(Fig. 6(A)).

Providing the beam has not been stopped by any previous optical element, space charge would
increase indefinitely until it reaches the end of the crystal so, strictly speaking, one cannot talk
about “saturation”. However, for practical purposes, a “saturation influence radius” can be
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Fig. 6. (A) Space charge density at t=5s (left) and at t=10 min (right). (B) Surface charge
density according to the complete model for the illuminated and non-illuminated faces versus
the distance to the illumination center (R) at three different times. In grey, the light extension.
(C) Influence radius, i.e., distance from the center of the Gaussian at which the maximum
surface charge density occurs.

defined as the influence radius at a sensible exposure time (around 15 minutes) at usual intensities.
This radius depends on the standard deviation and intensity of the Gaussian beam (Fig. 6(C)).

Current density and electric field time evolution are similar to those of circular illumination,
so they are not repeated here. Figure 7 shows the temporal evolution of DEP and EP forces and
potentials at the illuminated face. At the non-illuminated one they are similar but delayed in
time, as shown in Fig. 5. In this case, while EP maintains its general shape, as it just expands as
spatial charge does (Figs. 7(B),(D),(F), DEP potential evolution is more interesting. Two different
stages can be defined (see Figs. 7(A),(C),(E): i) circular-shaped minimum and ii) annular-shaped
minimum. For short illumination times, DEP potential resembles EP one, with the minimum
matching the center of the Gaussian distribution. As exposure time increases, DEP potential
becomes ring-shaped. The DEP potential minimum follows the position of the surface charge
maximum as it spreads through the crystal, i.e, the influence radius defined above.
Note how DEP forces and potentials derived from the Gaussian beam and the circular

illumination are different despite the similarity between their charge distributions. On the one
hand, for short exposure times, in the case of circular illumination, DEP forces are perpendicular
to the crystal surface while in the case of a Gaussian beam forces point towards the center of
the illumination. On the other hand, when exposure times are long, although the potentials are
similar —their minima are located at the “edge” of the illumination— in the case of a Gaussian
beam these minima are broader than those of the circular illumination. This difference can be
related to the also broader surface charge peaks. Experimentally, one should observe a defined
annular particle distribution, instead of just the edge enhancement associated to a circular light
distribution [22].
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Fig. 7. (A, C, E) Dielectrophoretic and (B, D, F) electrophoretic forces and potentials
produced by a Gaussian light distribution at the illuminated face. The arrows point towards
the local direction of the (A, C, E) DEP or (B, D, F) EP force.

3.1.3. Sinusoidal grating

Another typical light pattern used in particle manipulation is the sinusoidal grating obtained by
two-beam interference [21,28]:

I(x) = Imean
[
1 + m sin

(
2π
Λ

x
)]

(10)

Fig. 8. Sinusoidal grating illumination. Surface charge for (A) illuminated and (B) non-
illuminated face according to the complete and the simple model. In grey, the light extension.
Note that at t=2 h the analytical and FEM plots are overlapped.
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In the present work, a sinusoidal grating of periodΛ=100µm, modulationm=0.95 and intensity
Imean=1250W/m2 @532 nm was simulated. In this case, the surface charge density matches well
with the predictions of the simple model (Fig. 8). Both models predict a homogeneous surface
charge for long illumination times. The space charge accumulation in the bulk associated to the
transversal charge transport does not appear in this case, probably due to the smoothness of the
light profile. Nevertheless, peaks of surface charge density are still clear in Fig. 8.
Regarding the potentials, they show a completely different temporal evolution (Fig. 9). For

short illumination times (Fig. 9(A)) DEP potential has broad minima on the light intensity peaks
of illumination and maxima at the dark regions. As illumination time increases (Figs. 9(C),(E)),
DEP potential becomes homogeneous in the illuminated area and the minima less defined.
However, the DEP potential maxima remain clear at the dark regions, what should prevent particle
trapping in those areas even for long illumination times.

Fig. 9. (A, C, E) Dielectrophoretic and (B, D, F) electrophoretic forces and potentials
produced by a sinusoidal light distribution at the illuminated face. The arrows point towards
the local direction of the (A, C, E) DEP or (B, D, F) EP force.

In the case of EP potential (Figs. 9(B),(D),(F)), for short illumination times it also has defined
minima at the intensity peaks (Fig. 9(B)), but as illumination time increases, they become more
and more broad. After 30 minutes of illumination, the potential is basically flat, which implies
homogeneous particle patterning.
The temporal evolution of DEP potential explains the results obtained by the authors in [28]

using this illumination pattern. In that work, aluminum NP strips were made by PVT using a
z-cut crystal and sinusoidal illumination and it is shown how the strips get thicker as the exposure
time increases.
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3.2. Role of crystal doping and thickness

It is well-known that some crystal parameters have a key influence in the magnitude and time
evolution of the photovoltaic effect in LiNbO3:Fe. For example, it is known that [Fe3+] determines
the maximum electric field inside the crystal [13,39], while the oxidation-reduction ratio directly
affects to the response time [13]. It is also known that light intensity and illumination time play
interchangeable roles, so their product can be considered as a single variable, the light exposure
(J/m2) defined in 3.1.1. However, there are other parameters that have not received so much
attention in the literature but are important for designing experiments. For example, pattern size
and crystal thickness are partially considered as a single variable in [27] and briefly studied in
[22]. In the case of crystal absorption, its influence has not been reported yet.
A great variety of doping levels and oxidation-reduction ratios can be found in the samples

used for conducting PVT experiments [8, 16, 20, 21, 23, 37]. As stated above, the concentration
of donors and acceptors is of special importance when determining the crystal internal field and
response time. In particular, the saturation electric field is solely determined by the absolute
concentration of acceptors in the crystal and it is directly proportional to it:

Esat =
−(NAγLPV )

µ
ûPV (11)

Experimentally, it has been found a minimum electric field required for trapping particles
[40]. Thus, as it is known that the saturation electric field only depends on [Fe3+], it seems
interesting to study the time evolution of the crystal field as a function of the doping and the
oxidation-reduction ratio. Simple models predict a proportional dependence of saturation time
(τ) on the oxidation-reduction ratio and on incoming intensity (Eq. (6)). However, due to light
absorption, intensity must be corrected along the crystal thickness. In contrast to pure lithium
niobate, LiNbO3:Fe crystals present high absorption in the visible range of the electromagnetic
spectrum. For conducting PVT experiments, our samples are illuminated with a 532 nm laser
beam. The absorption coefficient at this wavelength is proportional to the concentration of Fe2+

(donors):
α532 = s532[Fe2+ ] (12)

Being s532 the photoionization cross section. Regarding time evolution, larger values of [Fe2+]
are related to shorter saturation times through Eq. (6). However, the increase in absorption also
reduces the light intensity arriving to the non-illuminated surface, thus slowing down the process
[41].

Figure 10 shows τ as a function of the reduction-oxidation ratio for two crystals with 0.25mol%
Fe but different thickness (0.5mm and 1mm thick). Saturation time is represented for three
points of the crystals (1, 3, 5 from Fig. 1). Illumination conditions are the same as those of
section 3.1.1 (circular illumination), i.e., light intensity is 160W/m2 at the illuminated face.
However, light intensity at the non-illuminated face is not constant, as absorption depends on the
crystal oxidation-reduction ratio and its thickness. As an example, if the oxidation-reduction
ratio equals 0.1, light intensity at the non-illuminated face is 104W/m2 for a 0.5mm thick crystal
and 68W/m2 for a 1mm thick one. However, if the oxidation-reduction ratio decreases to 0.01
these two values become 153W/m2 and 146W/m2 respectively.
On the one hand, the plots for both crystal thicknesses almost match for the illuminated face,

so one can conclude that light absorption by the crystal has little influence in the time evolution
of that face (points corresponding to the illuminated face of each sample do not fit, but the
difference is almost imperceptible.). On the other hand, light absorption is very important for the
non-illuminated face. Although at first τ decreases when increasing the donor concentration,
above a certain value it starts to grow. For highly reduced crystals, τ in the non-illuminated face
is even higher than in the centre. Also note that thicker crystals are related to larger values of τ at
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Fig. 10. Saturation time as a function of the oxidation-reduction ratio for two different
crystals (0.5 and 1mm thick) with a total Fe concentration of 0.25mol%. Point labels are
referred to Fig. 1.

the centre of the crystal, even at low donor concentrations, in which absorption could be almost
neglected.
The influence of crystal thickness in experiments can be better defined thanks to this figure.

As the temporal evolution of the illuminated face is independent of the thickness, and so it is the
electric field at saturation (Eq. (1)1), crystal thickness can be disregarded if only the illuminated
face is of interest. On the contrary, if one is interested in the non-illuminated surface (due to the
experimental setup, for example, [23]) or even in the temporal evolution of the whole crystal,
then thickness does play a role. Thicker crystals are always related to higher values of τ, even
when absorption can be neglected (low donor concentration).

In Fig. 10, the analytical solution for the saturation time has been also plotted:

τ =
ε0ε33γ

µqsI

(
N

NDO
− 1

)
eα532NDOz (13)

Equation (13) can be obtained introducing light absorption in the definition of τ (Eq. (6)). In
this case, z=0 represents the illuminated surface of the crystal and z = lz the non- illuminated
one. Note that I is always the incoming intensity, i.e., the intensity at the illuminated face.

Equation (13) fits relatively well for the crystal surfaces, although it underestimates the value
of τ. However, Eq. (13) is not valid for the crystal center. If it were so, the plot for the center of
the 1mm thick crystal would match the graph of the non-illuminated face of the 0.5mm crystal,
and it does not. This means that the temporal evolution of the crystal center cannot be described
directly by this simple model. In order to do so, a factor must be included in Eq. (13) to take into
account the charge accumulation on the crystal surfaces as a function of the crystal thickness and
its oxidation-reduction ratio.

4. Discussion and conclusions

A full theoretical description and the corresponding FEM numerical simulations of the temporal
evolution of the electric field, the space charge in photovoltaic z-cut LiNbO3:Fe crystals and their
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corresponding DEP and EP potentials have been developed. Several representative light patterns
have been calculated and the influence of various parameters has been analyzed. This problem
was previously addressed by the present and other authors in a simplified way [16,22,27,29].
However, in all these works, only the component of the electric field parallel to the c-axis of the
crystal is considered and the transversal components are neglected to simplify the calculations.
In addition, the light-induced charge distribution was treated as surface charge only. In view of
the results of the present work, this simplified approach is valid just at the crystal surface and
for short illumination times. In general, simple models cannot properly describe the temporal
evolution of the electric field inside the crystal nor at the illumination boundaries (as illustrated
in Figs. 4(A)-(D)). For long exposure times and close to these boundaries, there is a migration
and accumulation of charge in the bulk and at the surface due to the perpendicular components
of the electric field and a more rigorous model with the complete equations must be used.
Based on the analysis above, two different charge transport kinetics can be distinguished:

surface and bulk ones. On the one hand, if absorption is low, the first one is quantitatively
well described by the simple models and it is independent of problem parameters such as
oxidation-reduction ratio or crystal thickness. On the other hand, the second one can be only
accurately described by the complete model and depends on all the mentioned factors.
The presented simulations for PV fields and their corresponding DEP and EP forces and

potentials can predict and explain many relevant aspects for PV applications. First, the shape
of the potentials can describe the key features of the experimental particle patterns. Second,
since there are evidences that suggest that there is a minimum electric field required for trapping
particles [40], the simulations above provide quantitative values of the PV evanescent fields (see
|E|2 values in Figs. 5, 7 and 9), so they are useful for experiment design. In addition, Eq. (11)
together with Fig. 10 can be used to know a priori if a crystal can develop an electric field high
enough for particle trapping and, if it does, the required value of light exposure. Finally, light
absorption by the crystal has been proved to be of special importance when analyzing the face of
the crystal that is not directly illuminated. Light absorption increases the saturation time of this
face when the number of donors increases significatively. However, despite this phenomenon,
charge distribution at full saturation is always symmetrical about the central plane of the crystal.
Nevertheless, from the experimental point of view, it is worthwhile emphasizing that, as the
temporal evolutions of illuminated and non-illuminated faces are different. One should not expect
the same results in both crystal faces for short illumination times (dozens of seconds or minutes)
and low intensities (∼mW/cm2), which are the typical parameters used in PVT experiments
[20,21,42,37].

Appendix

In this appendix, some details of the resolution of the system of equations set out in Section 2 are
explained. For the sake of clarity, here there are again these four equations (rate equations and
Gauss’s law):

dn
dt
= sIND − γnNA −

1
q
∇ · J (14)

dND

dt
= −

dNA

dt
= −sIND + γnNA (15)

J = qµnE − qD∇n + qsINDLPV ûPV (16)

∇ · (ε0εrE) = q(n + ND − ND0) (17)

This system of equations was solved by the finite element method (FEM) using the software
COMSOL Multiphysics v5.3 [43]. Typically, in FEM the electric field is calculated via a scalar
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variable, the electric potential (V), using the relation:

E = −∇V (18)

Taking into account that:

� in Eq. (14), J can be substituted by its expression in Eq. (16),

� using Eq. (18), E can be replaced by −∇V in Eqs. (14) and (17)

� and that NA = N − ND,

one ends up with a system of three equations (Eqs. (19), 20 and (21)) with three variables (ND, n,
V).

dn
dt
= sIND − γn(N − ND) − ∇ · (−qµn∇V − D∇n + sINDLPV ûPV ) (19)

dND

dt
= −sIND + γn(N − ND) (20)

−∇ · (ε0εr∇V) = q(n + ND − ND0) (21)

A classical simplificationmade when solving these rate equations is the adiabatic approximation
[13,34]. It assumes that free carriers are always in equilibrium with the local trap distribution, so
dn/dt = 0. Although it is justified if one compares carriers lifetime and dielectric relaxation time
[13], in this work the derivative has been kept; it does not affect to the running time and has a
slight influence during the first instants of the process.
The problem domain depends on the illumination pattern. In this work, all domains are 2D

and can be either axisymmetric (circular and Gaussian spot) or periodic (sinusoidal distribution)
(Figs. 11(A),(B) respectively). There are two material domains, crystal (D1) and air (D2), and
different boundaries. The crystal-air interface (B1) and the outer boundary (B2) are common to
both geometries, whereas the revolution axis (B3) and the periodic condition (B4) are specific of
axisymmetric and periodic patterns, respectively.

Fig. 11. Typical simulation domains graphs corresponding to (A) axisymmetric and (B)
periodic illumination patterns.

The basic boundary conditions and initial values for each equation are listed in Table 2, being
n̂ the boundary normal vector. Light absorption by the crystal has been considered, with an
absorption coefficient that is proportional to ND, as shown in Eq. (12). In addition, special
attention must be paid to light distributions with sharp transitions between illuminated and
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Fig. 12. Smooth illumination profile (plus background) versus a sharp one. Odd and even
numbers are referred to those of Fig. 1.

Table 2. Boundary conditions and initial value for Eqs. 19, 20 and 21. Domains and boundaries are
the same as in Fig. 12.

Equation
Boundary conditions

Initial value
B1 B2 B3 & B4

D1
19 n̂ · J = 0 − − ni = n0
20 − − − NDi = ND0

D1 & D2 21 n̂ · ε0(εcryEcry − εairEair) = σ V = 0 (B3) n̂· ε0εrE = 0 Vi = 0

n̂ × (Ecry − Eair) = 0 (B4) Vleft = Vright

non-illuminated zones, like circular illumination. When that kind of patterns are simulated, a
background illumination (IB) and a smooth transition between both zones is necessary in order to
avoid numerical problems or an excessively refined mesh.
In fact, one of the most delicate issues when solving a problem using FEM is the mesh. One

must take into account that, for an accurate description of the space charge distribution, mesh
elements close to the surface and illumination boundaries should resolve the Debye length of
the crystal, LD =

√
kBTε0εr/q2NA0 [43]. For our crystals, this length is around 2 nm. Resolving

that distance, even just in the surface, increases too much the computational cost of the problem.
That is why we have carried out a mesh convergence analysis and have observed that, from a
certain element size, parameters such as total space charge, surface charge, electric currents and
electric field inside and outside the crystal are still the same. There is a threshold from which
further mesh refinement is not worth it.
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