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Abstract: We demonstrate that an hydrogenated amorphous silicon (a:Si-
H)-liquid crystals hybrid device could be used for the recording of high 
resolution (0.8-2 µm) dynamic holograms. A maximum diffraction 
efficiency of 3.3% was obtained at low power (1.5 mW) He-Ne laser. The 
nonlinear refractive index change at 0.6 W/cm2 is n2~1x10−2 cm2/W, 
although small compared to that obtained in dye-doped liquid crystal, is 
equal to the reported in pure liquid crystal although with much higher power 
density (~50 W/cm2). The device operates in the red to near-infrared part of 
the spectrum which makes it attractive due to its potential applications in 
telecommunications and military applications. 
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1. Introduction 

Optodielectrophoresis (ODEP) is a novel dielectrophoretic technique were virtual electrodes 
are created by illumination of photoconducting electrodes, dispensing the need of fabricating 
real electrodes. ODEP was proposed in 2005 by the group of Prof. Wu at Berkeley University 
as a technique intended for massive manipulation of microparticles [1]. It was shown that up 
to 15000 particles could be manipulated simultaneous with a diode light source of only a 
couple of mW power [1]. The device consists of thin layer of water containing the 
microparticles sandwiched between a photoconductive hydrogenated amorphous silicon (a:Si-
H) substrate and an ITO covered glass-plate [1,2]. An AC electric field is applied between the 
electrodes. Under dark conditions, the resistivity of the a:Si-H is much larger than the water’s 
resistivity, so the voltage drops mainly on the a:Si-H, however, under illumination the 
situation reverse and the voltage drops on the water layer. Thus, a spatially modulated electric 
field inside the water is controlled by illumination allowing manipulation of microparticles 
[1,2]. 

Hybrid devices based on liquid crystals and inorganic photoconductors are subject of 
intensive research since they combine the large optical anisotropy of liquid crystals and 
photoinduced space-charge fields in photoconductors to enhance the energy exchange in beam 
coupling experiments [3–6]. Photorefractive crystals have been the choice of photoconductor 
material in these devices [4–6] because high space-charge fields can be achieved with relative 
low power lasers, which combined with the large refractive index anisotropy of liquid 
crystals, produce extremely large beam coupling gain coefficients [5,6]. However, the cost of 
photorefractive crystals and their lack of reproducibility on its properties have hindered its 
widespread use. On the contrary, a:Si-H is a widely used material in the solar cell and display 
industries with well known electrical and optical properties [7,8]. In addition, the high density 
of defect states of a:Si-H results in highly absorbent material which combined with its short 
ambipolar diffusion length [9] ~100nm, results in a good photoconductive material for 
patterning high resolution virtual electrodes. In this work, we show that the electric field 
obtained by ODEP can be effectively used to reorient liquid crystals and thus, produce 
dynamic holograms with all the advantages of ODEP. 

2. Optodielectrophoresis 

The dielectrophoretic force (DEP) on a dielectric particle immersed in an inhomogeneous 
electric field is giving by [10]: 

 
232 Re[ *( )] ( )( ,)DEP mr K tt π ε ω= ∇F E   (1) 
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where <FDEP(t)> represents a temporal average of the dielectrophoretic force F(t) and E(t) is 
the electric field on a particle of radius r. εp,m, and σp.m are the dielectric permittivity and 
conductivity of the particle and the media, respectively, ω is the frequency of applied field 
and K*(ω) is the Clausius-Mossotti factor. Note that the DEP depend on the spatial gradients 
of the square modulus of the electric field. Contrary to optical tweezers, the same particle may 
be attracted or repelled from the highest gradient electric field as the Clausius-Mossotti factor 
switch sign with the frequency [10]. The AC electric field is applied between custom-
designed electrodes, usually fabricated with photolithographic techniques, which are 
cumbersome and expensive to fabricate. On the contrary, in ODEP the spatial light 
distribution creates dynamic virtual electrodes in almost real time [1,2], dispensing the need of 
fabrication of electrodes. 

In this work, we replace the colloidal solution used in ODEP experiments with undoped 
5CB nematic liquid crystal. By doing so, we intend to use the electric field distribution 
produced inside the hybrid device to reorient the liquid crystal molecules. The determination 
of the forces exerted on the liquid crystal molecules is not important for our purposes, and 
only the torque exerted by the electric field inside the liquid crystal will be relevant. The 
electric torque ΓE exerted on the liquid crystals is given by [11] ( ) ( )Γ Δ ,E n E n Eε= ⋅ × where 

Δε is the dielectric anisotropy of the liquid crystal, n is the director axis and the evanescent 
electric field E is obtained numerically, as described below. As shown in [2], the spatial 
distribution of the electric field inside the liquid is not a simple one. In general, numerical 
methods are employed to find it. In absence of illumination, the electric field inside the LC is 
constant (except, of course, near the device’s boundaries). If spatially periodic illumination, 
produced by the interference of pair of coherent beams from a laser, impinges on the device, 
then spatially periodic reconfigurable electrodes will be created by light. The spatially varying 
electric field is expected to modulate the refractive index of the liquid crystal creating thus, a 
hologram. The electric field inside the liquid crystals and a:Si are both dependent on the 
frequency of the externally applied field and, hence, the torque exerted on the liquid crystals 
molecules will also be frequency-dependent. 

 

Fig. 1. a) The red arrow represents the laser beam entering by the side of the photoconductor 
film. The photogenerated electric field reorients the liquid crystals molecules on the 
illuminated area, outside of which, the electric field is negligible. The liquid crystal molecules 
are aligned parallel to the substrate before illumination. b) Experimental set up for hologram 
recording in a:Si-liquid crystal hybrid device. Thick lines represent the transmitted beams 
(zero-order beams) while the weaker ones represent the first diffracted order beams. 

3. Experiment description 

A schematic diagram of the device used in this work is shown in Fig. 1a. It consists of couple 
of glass plates with indium thin oxide (ITO) electrodes deposited on them. On top of one of 
the ITO electrodes, a polyvinyl alcohol (PVA) aligning rubbing film was deposited by spin-
coating and rubbed unidirectionally with a soft tissue. On the other glass plate, a thin film of 
50 nm of highly doped amorphous silicon (a:Si+) was deposited on top of the ITO electrode in 
order to reduce the resistance contact. Then, 1 µm thick film of a:Si-H, grown at 230°C, was 
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deposited on top of a:Si+ followed by a 20 nm dielectric thin film of a silicon nitride (SiN). 
Finally, a PVA aligning layer was deposited and rubbed on the same direction as the previous 
one. The SiN dielectric film has two purposes: avoid electrical contact between the LC and 
the a:Si-H and protection of the a:Si-H film. 20 µm microparticles spacers were placed 
between the glass plates. Two extremes of the cell were glued with an epoxy resin. Finally, 
the 5CB liquid crystal was heat up above its nematic-isotropic phase transition temperature 
(35°C) and the cell was filled in by capillarity and sealed it. 

Two coherent beams from a He-Ne laser (λ = 633nm) interfere on the sample to produce a 
sinusoidal light distribution, as shown in Fig. 1b. This intensity distribution will determine the 
photoinduced electrode configuration. The beams of equal power (0.75 mW) are obtained 
using an unpolarized beam splitter. The intersection angle between the beams can be adjusted 
to change the grating period of the interference pattern. Using a function generator, a 
sinusoidal AC field is applied to the cell whilst illuminated. One of the beam is chopped at a 
frequency of ~1 kHz, which is much larger than the inverse of the response time (~tens of 
milliseconds), in order to reduce the noise on the diffracted signal. Detection is carried out 
with a fast photodetector connected to a lock-in amplifier, and this in its turn, is controlled by 
a computer. The sample can be considered as thin (20 µm) since several diffracted orders are 
produced. In fact, for the grating periods used in the experiment d/Λ~10-25, which lies in the 
limit of the Raman-Nath regime. The reported diffraction efficiency will always be measured 
on the first-order of diffraction (Eq. (3)). This was determined by measuring the transmitted 
beam intensity I0 of one of the beams and its corresponding first order beam I1 intensity with 
the voltage applied. The largest diffraction efficiency measured is small ~3.3%, so the 
diffraction efficiency of the first order can be approximated by the argument of the first-order 
Bessel function, i.e. J1(x)~x/2, 

 2 21
1 1 2 2

1 0

 (2 / ) ( / ) ,
I

J n Id n Id
I I

η π λ π λ= = ≈
+

 (3) 

where n2 is the nonlinear refractive index, d is the liquid crystal thickness, I the total beam 
intensity and λ is the wavelength of the laser beam. From Eq. (3), the nonlinear refractive 
index can be easily calculated. It is worth to mention that no hologram recording could be 
achieved if the applied field is off. This indicated that the laser beam itself is unable to 
reorient the LC molecules. 

4. Results and discussion 

In order to obtain the electric field distribution within the LC cell, the quasi-static 
approximation of the AC/DC module of Comsol Multiphysics was used. In the model (see 
Fig. 2), only the liquid crystal (20 µm) and a:Si film (1 µm) play a role in determining the 
electric field [1,2]. In the simulation, a conductivity of 3x10−6 S/m [12] and 10−8 S/m (in the 
dark [13]) were assumed for LC and a:Si-H, respectively. It was also assumed that the 
electrical conductivity is uniform inside the a:Si-H film and the photoconductivity is a linear 
function of the illumination intensity [14]. In order to understand the behavior of the electric 
field inside the liquid crystal, a single Gaussian beam (17 μm beam radius) is incident from 
below and propagates along the + z direction. For the simulation, an applied voltage of 10 V 
is assumed. The x-axis is parallel to liquid crystal-a:Si-H interface. Given the axial symmetry 
of the problem, Comsol Multiphysics reduce the problem to only half of the cell as shown in 
Fig. 2. 
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Fig. 2. a) Geometry of the model and distribution of the electric field (red zone) inside the 
liquid crystal. b) Electric field profiles along the lateral distance measure 1 µm above the 
amorphous silicon when an applied field of 10 V and a Gaussian beam waist of 17 µm were 
used. c) Electric field distribution along the propagation distance. The variable C is defined as 
σaSi/σLC, where σaSi represents the a:Si photoconductivity at the peak of the Gaussian beam and 
σLC the conductivity of the liquid crystal. The peak photoconductivity equals the liquid crystal 
conductivity when C = 1. 

In our simulations, the peak photoconductivity of the amorphous silicon (σaSi) is 
normalized to the conductivity of the liquid crystal (σLC), i.e C = σaSi/σLC. For C<<1 the 
electric field drops mainly on the amorphous silicon while for C>>1 does it on the liquid 
crystal. Note that at regions where there is no light, the resistance of a:Si is higher than that of 
LC, so most of the field drops in a:Si. Under illumination, the situation reverses, as indicated 
in Fig. 2a. Figure 2b shows the electric field profiles inside the liquid crystal along the lateral 
distance measured 1 µm above the amorphous silicon. Note that the electric field far from the 
illuminated region is practically zero and, therefore, no reorientation is expected. For C = 0.1, 
only 40% of the field drops inside the liquid crystal and therefore liquid crystal reorientation 
may be achieved. For C = 1, the virtual electrodes has been fully turned on, and larger values 
of C only increases the spatial extension of the virtual electrode, reducing the spatial 
resolution of the device [15]. In addition, the electric field inside the liquid crystal becomes 
double peaked. Thus, higher intensity not necessarily means higher electric field or enhanced 
reorientation of liquid crystals. In Fig. 2c it is shown that the electric field along the 
propagation distance. For C>1 it is practically constant, while for C<<1 the electric field is 
weaker and shows an evanescent behavior. On the other hand, the electric field seem largest 
when C = 1. 
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Fig. 3. Electric field profiles produced by sinusoidal illumination. Left column shows the 
electric field spatial distribution inside the liquid crystal for several power values, equivalently 
C values. The left column is a profile of the electric field obtained 1 mm above the amorphous 
silicon layer. For comparison, the intensity spatial distribution is also shown. Notice that the 
electric field is quite similar to the electric field for C<1 but practically becomes constant for 
C>>1. 

When using sinusoidal illumination, as it was done in our experiment, the electric field 
inside the liquid crystal is expected to be a copy of the illumination pattern and therefore, a 
sinusoidal phase grating should be recorded. However, as anticipated before, this is true for 
C≤1. Figure 3, shows the spatial distribution of the electric field when periodic illumination, I 
= I0(1 + coskx), is employed for different C values. The right column shows the profile of the 
electric field (continuous line) measured 1 µm above the amorphous silicon. For comparison, 
the periodic illumination (dotted line) is also shown. Note that for C = 0.1, the electric field is 
almost a copy of the illumination pattern. For C = 1, higher harmonics begin to show up and 
its modulation depth decreases. For C = 100, the contrast almost disappear and the electric 
field is almost constant except over the illuminated region where high gradients of the field 
are achieved. Higher harmonics are expected to contribute to the phase grating. Thus, high 
laser intensity is detrimental for the spatial resolution of the device [15]. Although the 
simulations where performed using a quasi-static approximation they describe reasonable well 
the results in optodielectrophoresis experiments [1,2,15] and qualitatively well our results. 

Diffraction from the non-sinusoidal phase grating and, in combination with small Q 
number (grating recording is on the Raman-Nath regimen), may result on the generation of 
several diffraction orders. So in order to avoid further complications, all our experiments were 
performed at very low power (1.5 mW). In Fig. 4a the diffraction efficiency was measured as 
a function of the modulation voltage at a fix modulation frequency of 500 KHz. There is a 
threshold voltage ~2 V, above which liquid crystal reorientation occurs, then it grows linearly 
up to a maximum of 3.3%. At ~8V reaches a plateau value and then decreases for higher 
voltage. At about 15 V, the diffraction efficiency is almost zero. This behavior can be easily 
understood as follow: as the voltage increases, it does the reorientation of the liquid crystals 
until it reaches its full reorientation. For voltages larger than 10V, reorientation on the non-
illuminated regions also takes place, reducing the contrast of the phase grating and thus, the 
diffraction efficiency. 
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Fig. 4. a) The diffraction efficiency was measured as a function of the modulation voltage at a 
modulation frequency of 500 KHz. b) Diffraction efficiency vs modulation frequency at 8V. 

The diffraction efficiency versus frequency shown in Fig. 4b follows a similar behavior as 
that of Fig. 4a. It growths at low frequency, saturates at ~600 KHz and then decrease almost 
linearly for higher frequency. This feature of the device is accounted for the frequency 
dependent impedance of the device, which consist of several thin films as described above. In 
fact, it has been shown that the different layers of the device can be modeled as serially 
connected lumped circuit elements [2,16]. The corresponding impedance of the n-film is 
given by 

 ,
1

n
n

n n

R
Z

i R Cω
=

+
  (4) 

where Rn = Ln/(σnA) is the resistance and Cn = ε0εnA/Ln, is the capacitance. Here, L is the 
thickness of the film, A the area of the device, σ the conductance, ε the relative permitiviy, ε0 
the permitivity of free space and ω the modulation frequency. In the original device employed 
for ODEP, it was shown that the only relevant films for the device operation are the water and 
amorphous silicon impedance. Our device is almost identical to the one reported in [1], except 
that water was replaced by liquid crystal and two aligning layers were added. The impedance 
of the aligning layers is dominated by capacity effects as well as that of SiN film and the 
electric double layer, with values much smaller than the impedance of the a:Si or liquid 
crystal [2]. For such reason, in our analysis only the liquid crystal and amorphous silicon 
impedances will be studied. 

Figure 5 shows the impedance of the liquid crystal and amorphous silicon as function of 
the modulation frequency. For ω<30kHz, most of the field drops on the amorphous silicon 
and therefore no reorientation of the liquid crystal occurs. For ω>30kHz, the liquid crystal 
impedance dominates and the device is activated. The inset shows the difference between 
impedances of the liquid crystal (Zlc) and a:Si (ZaSi). The theory predicts that a plateau should 
be reached for ω>0.5 MHz. In this case, the impedance of the liquid crystal and the a:Si are 
given by Zx = iRxσx/(ωε0εx) = iLx/(ωε0εx), where x = lc, aSi. For these conditions, the 
difference in impedance is constant, explaining the inset of Fig. 5. However, the experiment 
shows that the diffraction efficiency decays in the 0.6-1.4 MHz range. Although, the dielectric 
permittivity of the liquid crystals is frequency-dependent, for the ω = 0.1-1 MHz range, the 
dielectric permittivity behavior is constant [17,18]. So, we do not have an explanation for this 
behaviour and more detailed studies are necessary. 

Note that one can reduce the activation frequency of the device (see Fig. 5) by moving the 
crossing point between the LC and a:Si-H impedance. This can be achieved by reducing the 
capacitance impedance of a:Si-H, i.e. by decreasing its thickness or by increasing the 
resistivity of LC. 
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Finally, the resolution of the device was measured by changing the angle between the 
writing beams. From Fig. 6, at 0.8 µm a diffraction efficiency of 0.5% was obtained and it 
quickly saturates for periods >2 µm. These results compare quite well with results presented 
by Simoni et al [19]. This is not surprising considering that the spatial resolution is 
determined by the liquid crystal itself and not the amorphous silicon. Remember that the 
ambipolar diffusion length [9] is ~0.1 µm and therefore is possible to record even higher 
resolution holograms. Using Eq. (3), the maximum nonlinear refractive index change is 
~1x10−2 cm2/W, which is small compared to that obtained in dye-doped liquid crystal [20], but 
equal to the reported by Zeldovich et al [21] by focusing a 10 mW He-Ne laser (~50 W/cm2) 
in pure liquid crystal. 

 

Fig. 5. Impedance of the liquid crystal film (Zlc) and the amorphous silicon (ZaSi) as function of 
modulation frequency. For ω<30kHz, most of the field drops on the amorphous silicon and no 
reorientation of the liquid crystal occurs. For ω>30kHz, the liquid crystal impedance dominates 
and the device is activated. In the inset, the difference between impedances is shown. 

In our experiments, an unfocused 1.5 mW He-Ne laser (0.6 W/cm2) was used, i.e. a power 
density almost two orders of magnitude smaller. Although the device works fine, there is 
plenty of room for optimization. For example by changing the temperature up to 33% 
diffraction efficiency has been achieved, however, the phenomenon is not reproducible and 
more detailed experiments are needed. This device could be applied for phase contrast 
applications in the visible to near-infrared part of the spectrum because tunable, real-time 
phase filter could easily be recorded [22]. 

 

Fig. 6. The maximum diffraction efficiency of ~3.3% is achieved around 8V and a frequency of 
500 kHz. 
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5. Conclusions 

We propose a novel hybrid device for dynamic hologram recording based on hydrogenated 
amorphous silicon (a:Si-H) and 5Cb liquid crystals. Here, no electrode fabrication is needed 
since they are created by the light distribution incident onto a photoconducting material. High 
spatial resolution (0.8-2 µm) holograms with maximum diffraction efficiency of 3.3% were 
obtained at low power (1.5 mW) He-Ne laser. In addition, a nonlinear refractive index 
n2~1x10−2 cm2/W was obtained. This value although small, is one of the largest reported so far 
in pure liquid crystal using unfocused He-Ne lasers. Near-infrared operation is attractive due 
to its potential applications in telecommunications and military applications. 
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