Electrically switchable computer-generated hologram
using a liquid crystal cell with a proton beam
patterned polymethylmethacrylate substrate
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An electrically switchable computer-generated hologram (CGH) was fabricated using a liquid crystal (LC)
cell. A polymethylmethacrylate (PMMA) film, which was spin-coated on one glass substrate of the LC cell,
was patterned by a focused 2 MeV proton beam with a CGH phase pattern (2 μm resolution). With an
applied voltage on the LC cell CGH sample, an index modulation was produced between the regions
with and without PMMA because of the reorientation of LC molecules under the external electric field.
The maximum diffraction efficiency measured was about 28.7%. The operating voltage was below
15 Vrms . © 2009 Optical Society of America
OCIS codes:
050.1970, 230.3720, 090.1760.

1. Introduction

Computer-generated holograms (CGHs) are useful
diffractive-optical elements for wave front manipulation [1], optical element testing [2], optical information processing [3,4], and three-dimensional display
[5]. Various materials have been used to record CGH,
such as photorefractive materials including BaTiO3
crystal [6], Fe doped LiNbO3 crystal [7], and even
bacteriorhodopsin [8]. CGH devices based on liquid
crystal (LC) spatial light modulators (SLMs) have
also been reported [9–13].
Recently, we reported a switchable CGH using
polymer-dispersed liquid crystals (PDLCs) [14,15]
and a LC cell with patterned electrode [16]. The
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phase shift can be obtained by reorientating the
LC directors in a PDLC or LC cell when an external
voltage is applied. In this paper, we report a CGH
fabricated by a LC cell with a proton beam patterned
polymethylmethacrylate (PMMA) substrate. This device has relatively low operating voltage (∼15 Vrms )
and high resolution (∼2 μm), and it can be used as
adaptive optical elements with a good electrically
switchable property.
2.

Experiment and Simulation

The phase distribution of the CGH was calculated by
the conventional iterative Fourier transform algorithm [17]. The letters “NTU” were encoded into
a CGH with 128 × 128 binary-phase-only pixels.
Figure 1(a) shows the phase distribution of the CGH,
where the black and white regions represent a phase
value of 0 and π, respectively. Figure 1(b) shows the

Fig. 1. (Color online) (a) Phase distributions of the CGH with “NTU” encoded, and (b) simulated reconstructed image of the CGH,
and optical microscopic images of PMMA with CGH phase pattern encoded by a proton beam with (c) low (10×) and (d) high (20×)
magnifications.

simulated reconstructed image of the CGH. A focused 2 MeV proton beam was used to write the
phase distribution of the CGH directly into a 5 μm
thick PMMA film [18,19], which was spin-coated on
an indium tin oxide (ITO)-coated glass substrate.
The CGH was patterned in an effective area of
2 mm × 2 mm containing 1024 × 1024 pixels (2 μm resolution). Figures 1(c) and 1(d) show the morphologies of the CGH on PMMA film observed from an
optical microscope with low (10×) and high (20×)
magnifications, respectively. The region without
PMMA is marked in Fig. 1(d).
The ITO glass with proton beam patterned PMMA
was then used to assemble a LC cell with a normal
ITO glass. The inner surface of this counter ITO glass
substrate without PMMA was coated with a polyimide layer and rubbed. Then the LC cell was filled
with the E7 LC (from Merck, with an ordinary refractive index of no ¼ 1:5216 and birefringence of Δn ¼
0:2248). LC molecules are aligned in the rubbing direction and cell gap d is 16:5 μm.
Figure 2 shows the schematic cross section of the
LC CGH sample. For normal incident light, the relative phase difference (Δδ) between the regions with
and without PMMA can be written as
Δδ ¼

2π
½ðneff 1 ðd þ hÞ  ðneff 2 · d þ np · hÞ;
λ

ð1Þ

where d is the cell gap (16:5 μm), h is the thickness of
PMMA film (5 μm), λ is the wavelength, np ¼ 1:49 is
the PMMA refractive index, and neff 1 and neff 2 are
the effective LC refractive indices in the region without and with PMMA, respectively. The detailed experimental setup of image reconstruction from the

LC cell CGH sample can be found elsewhere [14].
In this experiment, the polarization of incident light
was parallel to the rubbing direction of the cell.
It is necessary to point out that, because the
PMMA substrate is not rubbed, the actual LC orientation on this substrate, where the anchoring is more
complicated in contrast to the other substrate with
rubbing, is not uniform and could be affected by the
PMMA walls. This nonuniform orientation of the LC
was observed by checking the CGH sample under an
optical microscope through two cross polarizers with
rubbing direction of the cell parallel to the optical
axis of one polarizer. Moreover, the sharp edges of the
PMMA CGH pattern could result in local dislocations
or defects. Because of the irregular pattern of the
CGH, at present, it is not possible to consider all
these factors in our simulation to determine the
phase change as a function of voltage. Thus, in the
following model, we assume a homogenous alignment assumption (antiparallel rubbing). Though
there is some discrepancy between the simulation
and experiment (Fig. 4), our model is still able to
match the experiment well.
When applied voltage is added on the LC cell, LC
molecules are forced to align along the direction of
the electric field in the cell. Following the Oseen–
Frank theory, the elastic energy density (U EL ) of a
deformed LC can be written by
1
1
U EL ¼ K 11 ð∇ • nÞ2 þ K 22 ðn • ∇ × nÞ2
2
2
1
þ K 33 ðn × ∇ × nÞ2 ;
2

where n is a unit vector representing the LC molecule
director in the cell, and K 11 , K 22 , and K 33 are the
splay, twist, and bend elastic constants, respectively.
In this paper, we chose a homogeneous alignment
configuration to numerically model the LC electrooptics effect, and the molecule director is
n ¼ ðcos θ; 0; sin θÞ;

Fig. 2. (Color online) Schematic cross section of a LC cell with one
PMMA pattern glass.

ð2Þ

ð3Þ

where θ is the orientation angle between the director
and the x axis (shown in Fig. 2). The total free energy
(U) including elastic energy and electromagnetic energy in the cell can be given by
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Fig. 3. (Color online) (a) Relationship between the effective refractive index and the applied voltage for homogeneous alignment configuration. (b) Relationship of Veff =Vapply and εLC with h ¼ 5 μm and d ¼ 16:5 μm.

U¼

Z L

 2
1
dθ
ðK 11 cos2 θ þ K 33 sin2 θÞ
2
dz
0

2
1
Dz
1 D2z

dz;
þ
2ε0 ðεjj sin2 θ þ ε⊥ cos2 θÞ 2ε0 ε⊥


ðK 11 cos2 θ þ K 33 sin2 θÞ
ð4Þ

¼

dθ
dz

2

D2z
D2z

;
ε0 ðεjj sin2 θ þ ε⊥ cos2 θÞ ε0 ðεjj sin2 θm þ ε⊥ cos2 θm Þ
ð5Þ

where L is the thickness of the LC cell in z direction,
DZ (¼ constant) is the z component of the electric displacement field vector, ε0 is the dielectric constant in
free space, and εjj and ε⊥ are the dielectric constants
of parallel and perpendicular to the molecule director
of the nematic LC, respectively. The LC molecule director distribution will be in the equilibrium state
where the total free energy is minimized. Using techniques of calculus of variation, we obtain

where θm is the maximum orientation angle at the
center of the cell z ¼ L=2. Here we assumed strong
anchoring at both surfaces, which means the directors at the boundaries remain parallel to the rubbed
direction (θð0Þ ¼ θðLÞ ¼ 0). The molecule director
distribution inside the cell θðzÞ can be calculated
at a given applied voltage by numerically solving
Eq. (5).
When the polarization direction of incident light is
parallel to the rubbed direction, light in the LC
cell will experience extraordinary refractive index.
Correspondingly, the distribution of extraordinary
refractive index in the LC cell and the effective refractive index can be simplified by a one-dimensional
solution
neff ¼

Fig. 4. (Color online) Solid blue line shows the theoretical relationship of phase difference and applied voltage, and red stars represent the experimental phase difference at applied voltage of
1.2, 1.32, 1.54, 1.97, 2.53, 3.18, and 7:0 Vrms , respectively.
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1
L

Z
0

L

no ne
dz;
ðn2o cos2 θz þ n2e sin2 θz Þ1=2

ð6Þ

where no and ne are the ordinary and the extraordinary refractive index of LC, respectively.
The LC we used was E7 from Merck with no ¼
1:5216 and ne ¼ 1:7462. The dielectric constants of
E7 are εjj ¼ 19:0 and ε⊥ ¼ 5:2, at 1 kHz frequency and
room temperature. The splay and bend elastic constants of E7 chosen here are K 11 ¼ 11:01 × 1012 N
and K 33 ¼ 17:01 × 1012 N, respectively. Figure 3(a)
shows the simulated relationship between the effective refractive index and the applied voltage. The
calculated theoretical threshold voltage is about
0:94 Vrms .
When voltage is applied on the region with the
PMMA of our device, the effective voltage on the LC
will be reduced because the PMMA is an insulator

(with a dielectric constant of approximately εp ¼ 3
[20]). From the boundary condition on the electric
field of Maxwell’s equations, in the region with
PMMA, we can obtain
DLCn  DPMMAn ¼ σ f ¼ 0;

ð7Þ

where DLCn and DPMMAn are the normal component of
electric displacement of LC and PMMA materials respectively, and σ f is the free surface charge density
(equal to zero here). According to Eq. (7), the effective
voltage distributed on the LC part (Veff ) in the region
with PMMA can be determined by solving
Veff ¼

1
1 þ εεLCp ·d·h

Vapply ;

ð8Þ

where Vapply is the external applied voltage on the
two ITO layers and εLC is the effective dielectric constant of LC at the interface of PMMA and LC in the
region with PMMA. The relationship of Veff =Vapply
and εLC is shown as Fig. 3(b), from which we can
see that the ratio of Veff to Vapply decreases with
the increase of εLC.
3. Results and Discussions

Given Vapply , we can determine Veff , neff 1 , and neff 2 .
Hence, the corresponding phase difference can be determined using Eq. (1). For εLC ¼ ε⊥ ¼ 5:2, we calculated that around 67.5% of the external applied
voltage is finally applied on the LC for h ¼ 5 μm
and d ¼ 16:5 μm.
Under applied voltage, the reconstructed image
would become blurred if the phase difference is the
even integer times of π and the reconstructed image
would become clear if the phase difference is the odd
integer times of π. In our experiments, the blurred
images were found at a voltage of 1.2, 1.54, 2.53.
and 7:0 Vrms , corresponding to 0π, 2π, 2π, and
0π, respectively. The clear images were observed at
voltage of 1.32, 1.97, and 3:18 Vrms , corresponding
to 1π, 3π, and 1π, respectively. In Fig. 4, the solid
blue line shows the theoretical relationship of the
phase difference and applied voltage, and the red
stars represent the experimental phase difference
at an applied voltage of 1.2, 1.32, 1.54, 1.97, 2.53,
3.18, and 7:0 Vrms , respectively. We can see that the
experimental data are consistent with the calculated
results. In our experiment, the image started to
change from 1:2 Vrms , i.e., the experimental threshold was about 1:2 Vrms .
Figures 5(a) and 5(b) show the reconstructed
images of the LC cell CGH sample with an applied
voltage of 1.9 and 12 Vrms , respectively. To reduce
the scattered light from the brightest zeroth-order
beam in the reconstructed image, a hole was drilled
in the middle of the image screen. As the applied voltage exceeds the threshold (1:2 Vrms ), the images
change between blurred and clear alternately
several times. The blurred image is primarily due

Fig. 5. (Color online) Reconstructed images of the LC cell CGH
sample with an applied voltage of (a) 1:54 Vrms , and (b) 12 Vrms ,
respectively.

to phase mismatch, originated from nonuniform
anchoring on the PMMA walls and sharp edges, leading to poor/nonuniform modulation. Also the small
PMMA wall spacing could generate strong anchoring
LC forces leading to poor modulation capability. It
is noticed that the image at higher voltage (e.g.,
12 Vrms ) is clearer than those at lower voltages (e.g.,
1.32, 1.97, and 3:18 Vrms ). This poor quality at lower
voltage probably results from a poor phase modulation and error due to complex LC orientation related
to the CGH pattern. In contrast, at a higher voltage,
the LC directors will reorient mostly along the applied electric field and become more ordered, resulting in reduced light scattering and hence a clearer
reconstructed image. For higher applied voltages
(>12 Vrms ), there is no further change in the reconstructed image, indicating that the LC molecules
are strictly perpendicular to the substrate. The calculated phase difference stays at around 0:57π for
voltages higher than 12 Vrms . The diffraction efficiency is defined by the ratio of the light intensity
of the first order diffraction to the total transmitted
light intensity through the CGH in the reconstructed
image plane, which can be measured directly. The
maximum diffraction efficiency measured was about
28.7% at 12 Vrms , less than the theoretical maximum
binary phase first order diffraction efficiency of 41%
[21]. We had checked the CGH sample under an optical microscope through cross polarizers with no voltage applied. The direction of LC molecules in the
region without PMMA were not exactly along the
rubbing direction, which will reduce the initial phase
difference between the regions with and without
PMMA, leading to neff differences between the theoretical and the experimental neff values under applied voltages.
Although the polarization of the incident light chosen in our experiment was parallel to the rubbing direction of the LC cell, i.e., an effective extraordinary
refractive index of LC was experienced by the incident light, the reconstructed image of the CGH can
also be obtained by using incident light with polarization perpendicular to the rubbing direction of the
LC cell, since the ordinary refractive index of LC
(no ¼ 1:521) and the refraction index of PMMA (np ¼
1:49) are not equal. In this configuration, the relative
1 July 2009 / Vol. 48, No. 19 / APPLIED OPTICS
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phase difference Δδ was calculated to be 0:57π. With
an applied external voltage, the relative phase difference and the reconstructed image of the CGH kept
unchanged.
The electro-optical response of the LC cell CGH
sample was measured by switching the applied voltage between 4.5 and 24 Vrms with a frequency of
2:6 Hz. The rising time and falling time are about
62 and 60 ms, respectively. This response time is
slower than that of a CGH device fabricated by PDLC
[14]. Reducing the LC cell gap would lead to a faster
response time.
The advantages of proton beam writing used in
this paper are that it has a deep penetration in resist
materials with little lateral scattering, which enables proton beam writing to fabricate high aspectratio microstructures with vertical, smooth sidewalls
and low line edge roughness. The highest resolution
achieved is around 50 nm and a 2 MeV proton will
penetrate about 60 μm into PMMA. The high aspect
ratio could be used to fabricate a Bragg diffraction
volume grating with a high diffracting efficiency.
Compared to the CGH recorded in the PDLC where
a transparency mask was used with a resolution of
50 μm in our previous work [14], a higher resolution
(∼2 μm) was achieved by the proton beam in this paper, leading to better quality of the reconstructed
CGH image. It has less light scattering and relatively
lower operating voltage (∼15Vrms ), compared to a
CGH using PDLC material [14]. Higher cost and
longer fabricate time are the drawbacks of this
method.
4. Conclusion

In conclusion, we demonstrated an electrically
switchable CGH using a LC cell with proton beam
patterned PMMA film. It has a relatively low operating voltage (∼15Vrms ) and a high resolution (∼2 μm).
The maximum diffraction efficiency measured is
about 28.7%. This device is promising in adaptive optical elements.
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Science, Technology and Research of Singapore
(No. 062 120 0016) and the Ministry and Science
and Technology of Poland (No. SINGAPUR 13/2006).
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