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An electrically tunable liquid-crystal-on-silicon (LCOS)-based pico projection system
based on a liquid crystal lens adopting a liquid crystal and polymer composite film
(LCPCF) is demonstrated. The LC lens consists of two built-in sub-lenses: one is an
electrically tunable focusing lens controlled by a LC layer and the other is a fixed focused
LCPCEF lens. The electrically tunable focusing range of the pico projection system is
200 cm to ~ 7 cm when the voltage is from 0 to 35 Vyms. The image performance is also
demonstrated. The related optical analysis is discussed. This study opens a new window
for electrically tunable focusing pico projection system.
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1. Introduction

Pico projectors are usually combined or built into other electronic devices, such
as digital cameras, cell phones, and tablet personal computers. Generally speaking,
three kinds of pico projectors are developed: liquid-crystal-on-silicon (LCOS)-based
pico projectors, digital light processing (DLP)-based pico projectors, and laser-
scanning pico projectors.! 3 Except the laser-scanning pico projectors, the focusing
properties of all the pico projectors available on the market are manually controlled.
The manual focusing systems are bulky. Therefore, electrically tunable focusing
pico projection systems or pico projectors are required. To achieve the electrically
tunable focusing of pico projection system, the developed electrically tunable lenses
can be adopted, such as liquid lenses and liquid crystal (LC) lenses.*~1¢ We have
demonstrated a LCOS-based electrically tunable focusing pico projector by using a
liquid crystal (LC) lens and discussed the optical mechanism.% However, the voltage
is still high (~90 V,us), and the tunable focusing range should be improved.

In this paper, we demonstrated an electrically tunable focusing LCOS-based
pico projection system by using a LC lens consisting of two built-in sub-lenses: one
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is an electrically tunable focusing lens controlled by a LC layer and the other is a
fixed focused lens which is a liquid crystal and polymer composite film (LCPCF),
called LCPCF lens.'%17 20 The focal length of the LCPCF can be adjusted by the
applied voltage during photopolymerization. Thus, the initial focal length of the LC
lens is determined by LCPCF, and the focusing range of the LC lens is electrically
tunable. The electrically tunable focusing range of the LCOS-based pico projection
system is from 200cm to ~7cm. The driving voltage is less than 35 Vyys, with a
response time of 1.1 sec. The image performances of the electrically tunable focusing
LCOS-based pico projection system are also demonstrated.

2. Structure and Operating Principles

Figure 1(a) illustrates the structure of the electrically tunable focusing LCOS-based
pico projection system. In Fig. 1(a), the white light from a light-emitting diode
(LED; XRE-Q5 CREE) passes through a relay lens in order to obtain a beam
with uniform irradiance. A pre-polarizer and a polarizing beam splitter (PBS) are
used for obtaining the crossed polarization of light with a high extinction ratio
when the light is incident to and then reflected by a reflective LCOS panel. We use
a projection lens to project the image from the LCOS panel. By controlling the
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Fig. 1. (a) Structure of an electrically tunable focusing pico projection system. PPy and PPg are

the two principal planes of the projection lens and (b) the structure of the LC lens.
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focal length of the LC lens at different voltages, the projected image or the image
distance (s’) can be electrically adjusted. The projected image is then observed
on the observation plane. Conventional LC lenses require a polarizer owing to the
polarization-dependent lens properties. Since the output light of LCOS-based pico
projection system is already linearly polarized, we do not attach any extra polarizer
on the LC lens. The objective image is generated by the LCOS panel and is then
projected by both the projection lens and the LC lens. PP; and PP indicate two
principal planes of the projection lens. The structure of the LC lens is depicted in
Fig. 1(b). In Fig. 1(b), the structure of the LC lens consists of two built-in sub-
lenses: one is an electrically tunable focusing lens controlled by a LC layer and the
other is a fixed focused LCPCF lens. At V = 0, the focal length of the LC lens is
fp determined by the initial focal length of the LCPCF layer. When we apply a
voltage (V'), the focal length [f(V)] of the LC lens is contributed by two sub-lenses:
one is the LC layer whose focal length [fLc(V)] is electrically tunable and the other
is LCPCF layer whose focal length (f,) is fixed. f(V) can be expressed as'’:

1 1 L 1

f (V) f LC(V) f P

In our system, the position of the projection lens is set to be fixed. The object
distance between the LCOS panel and principal plane PP, of the projection lens is
s, and the distance between the LC lens and principal plane PP5 of the projection
lens is x. The focal length of the projection lens is denoted as fp,;. After the first
image is formed by the projection lens, we can assume that the distance between
the LC lens and the first image is p. According to the image equation, the first
image formed by the projection lens and second image formed by the LC lens can

(1)

be expressed as®:
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By combining the Egs. (2) and (3), can be expressed as:

, V) [ - a]
V) =TT R, (4)

s—fpj
In the Eq. (4), s’ is the function of the focal length of the LC lens. Therefore, the
imaging plane of the pico projection system is electrically tunable.

3. Experiments Results and Discussion

To demonstrate the electrically tunable focusing pico projection system, a commer-
cial LCOS-based pico projector (Himax, HX7027-3W50-May), which is manually
focused, was adopted. The LC lens consists of two Indium tin oxide (ITO) glass
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substrates coated with mechanically buffered PVA (Polyvinylalcohol) to align the
LC molecules, a LC layer and a LCPCF layer. The top ITO layer was etched with
a hole-pattern within a diameter of 1.68 mm in order to provide an inhomoge-
neous electric field to LC directors. To fabricate the LCPCF layer, we first filled
nematic LC (Merck, MLC-2070), reactive mesogen (Merck, RM82), and photoini-
tiator (Merck, IRG-184) at 30:69:1 wt% ratios into two ITO glass substrates coated
with mechanically buffered PVA. On the top substrate, the ITO layer was etched
with a hole-pattern within a diameter of 1.68 mm, and the bottom ITO substrate
was not etched. A voltage of 70 Vs (f=1kHz) was applied to the cell, which
was irradiated with UV light (~1.25mW/cm?) for 40 min. The thickness of the
LCPCF was 35 um. After photopolymerization, we peeled off the bottom substrate
by a thermal releasing process. Then we sandwiched nematic LC mixture MLC-
2070 (Merck, An = 0.26 for A = 589.3nm at 20°C) between the LCPCF layer and
another ITO substrate coated with mechanically buffered PVA in order to construct
the structure as shown in Fig. 1(b). The thickness of the LC layer in Fig. 1(b) was
25 pm. The LCPCEF layer has a fixed focal length because of the lens-like distribu-
tion of refractive indices. The LC directors in the LC layer aligned by the LCPCF
layer and PVA were aligned homogeneously with a pretilt angle of ~ 2 degrees.!”~2°

To determine the focal length of the LC lens, we observed the image of the LC
lens at different voltages under crossed polarizers. The rubbing direction of the L.C
lens was 45 degrees with respect to one polarizer. The number of concentric rings
is proportional to the phase profile of the LC lens. We also tested the LCPCF layer
only by applying voltages. The phase profile of the LCPCF layer did not change
with the voltage. That means the LCPCF layer is a lens with a fixed focal length.
The focal length of the LCPCF layer does not change with the voltage due to
the high concentration of the monomer. The focal length of the LCPCF layer is
~8.82cm, according to the relation: f = D?/8AN, where D is the aperture size,
A is the wavelength, N is the number of rings of the phase profile.!> Figure 2(a)
shows the voltage-dependent focal length of the L.C lens. In the experiments, a laser
diode with a wavelength (A) of 532 nm was used as a light source. We plotted the
focal length of the LC lens as a function of applied voltage, as shown by the blue
squares in Fig. 2(a). The initial focal length is 8.82 ¢cm, which is determined by the
LCPCF layer. The focal length then decreases when V > V. At 35 Vs, the LC
lens has a minimal focal length of ~4.41 cm. From Eq. (1), we calculated the focal
length contributed from the LC layer to be from infinity to 8.82 cm, as shown by the
magenta dots in Fig. 2(a). The measured response time of the LC lens was ~ 350 ms
when the voltage of the LC lens is switched from 0 to 35 Vi, and ~ 740 ms when
the voltage of the LC lens is switched from 35 to 0 V.

To measure the voltage-dependent image distance of the pico projection system,
we projected the photo of a resolution chart. We recorded the image distance of
a focused image of a resolution chart by changing the different voltages of the LC
lens. The spatial frequency of the resolution chart was 0.05 line pair per millimeter
(Ip/mm). The image distance (s’) as a function of the applied voltage of the LC
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Fig. 2. The total focal length of the LC lens shown by blue squares and the focal length of the
LC layer shown by magenta dots.
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Fig. 3. The measured image distance (hollow square) and the calculated image distance (dash
line) as a function of applied voltage.

lens is shown in Fig. 3 (hollow squares). The image distance can be tuned from
200cm to ~7cm with the applied voltage from 0 Vi to 35 Vips. The threshold
voltage is ~ 5 Vyms. Therefore, we can obtain the electrically focused pico projection
system using an electrically tunable focusing LC lens as an active element. The
calculated image distance (s’) of a focusing image as a function of the applied
voltage of the LC lens is shown by dash line in Fig. 3, obtained by substituting
the experimental parameters: s = 15.85mm, x = 15.15mm, and f,; = 19.95mm
into Eq. (4). The calculated results agree well with the experimental results. As a
result, the applied voltage is below 35 Vs, which is lower than the case for LC
lens with glass insulating layer (< 90 V,ns).” The reason for the low driving voltage
is that the thickness of the polymeric layer (~35pum) is much thinner than the
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Fig. 4. The images of electrically tunable focusing LCOS pico projection system at (a) 0 Vims
and (b) 27 Vims. The screen was placed 8 cm away from the LC lens.

glass insulating layer of the previous structure (~ 0.7 mm). Moreover, the tunable
focusing range obtained by using our LC lens is larger than that obtained using
the LC lens with a glass insulating layer. This is because of the large tunable focal
length of the LC lens with the LCPCF layer.

Figures 4(a) and 4(b) show the images of the electrically tunable focusing pico
projection system at V. =0 and V = 27 Vs when we input a photo to the LCOS
panel. The screen was placed 8 cm away from the LC lens. The brightness of the
focused image did not change significantly because we did not attach an extra
polarizer to the LC lens. However, the aperture mismatch between the projection
lens (~11.28 mm) and the LC lens (~1.68mm) decreased the brightness of the
image. Enlarging the aperture of the LC lens can increase the brightness.” As for
the image quality, we can adjust the phase profile of the LCPCF lens and sub-LC
lens to be more parabolic.

From Egs. (3) and (4), we can have

1 1 1 1
FeM R Y ®)

To achieve the electrically tunable pico projection system with large tunable range,
the tunable focal length (fr.c(V)) of LC lens should be large. Conventionally, the
focal length of the conventional LC lens without a LCPCF lens is larger than
10cm.%=? With LCPCF lens, the focal length of the LC lens can be smaller
(<10cm). In addition, the focal length of the LCPCF lens can be adjusted by
fabrication process, such as the curing voltage of the photopolymerization, thick-
ness and birefringence of LC in LCPCF. As a result, the image distance (s’) can be
made smaller by adjusting f, in Eq. (5) without changing the structure of the pico
projection system.
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4. Conclusion

We have demonstrated an electrically tunable focusing pico projection system based
on a liquid crystal lens adopting a liquid crystal and polymer composite film. The
tunable range of the electrically tunable pico projection system is from 200cm
to ~7cm. The driving voltage is less than 35 Vyys. The response time is 1.1 sec.
Because no extra polarizer is used, the brightness of the projected image does not
decrease dramatically by adopting an LC lens. We believe that the achievements
of this study open a new window for electrically tunable focusing pico projection
systems.
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