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Abstract A near infrared sensitive liquid crystal light valve, based on Ru-doped

Bi12TiO20 (BTO:Ru) inorganic crystal and liquid crystal is proposed. The two-beam

mixing experiments at Raman–Nath regime show promising gain value at 1064 nm. An

image evolution through the proposed device is demonstrated supporting all optical

switching property.
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crystals

1 Introduction

Recently, the emergent need for compact, efficient, fast and broadband optoelectronic

modules requires development of new generation light modulation devices. Optically

addressed spatial light modulators (OASLM) are special class among the light modulators

and play essential role as a key devices in optical processing and display technologies.
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In particular, OASLM consists of photoconductor and electro-optic material (usually

highly birefringent liquid crystal layer) and often has been considered as light valves (LVs)

since the read-out process can provide an optical gain. In a past, the light valves usually

work in a reflection mode that requires more complicated optical isolation between the

input and read-out beams (Yeh 1993). Sillenite type inorganic crystals as Bi12SiO20 (BSO)

and Bi12TiO20 (BTO), owing to their excellent photoconductivity and high dark resistivity

are well known as perfect components of OASLM devices. For a first time, Aubourg at el.

(1982) assembled non-doped BSO crystal with a liquid crystal (LC) layer into a liquid

crystal light valve (LCLV) working at transmissive mode. Later on, several non-linear

applications have been demonstrated based on non-doped BSO and LC layer, operating at

visible spectral range (Huignard 1987; Bortolozzo et al. 2006, 2013).

Despite of the material’s enhanced photosensitivity, currently only limited number of

optically addressed light modulators operating at near infrared range has been proposed,

mainly based on semiconductor crystals as GaAs doped with Cr (Garcia and Rodriguez

2012; Peigne et al. 2015) or CdTe (Gvozdovskyy et al. 2011). Recently, we found that by

doping sillenite crystals with transition metal elements like Ru and Rh, the response time

and photosensitivity at near infrared spectral range can be significantly improved. These

open further opportunities to match the improved properties of sillenite crystals with

organic materials into a single compact device with enhanced functionality (Marinova

et al. 2011, 2013).

In this work, a novel light valve device based on near infrared photosensitive BTO:Ru

crystal and liquid crystal (in nematic phase) is presented, in which the high photocon-

ductivity comes from the inorganic material and the strong birefringence from the LC

layer. The light intensity dependence on the applied voltage and the phase retardation

changes are measured. An example of image propagation through the BTO:Ru/LCVL

device is demonstrated.

2 Experimental details

The proposed LCLV device consist of a BTO:Ru crystal as photoreceptor substrate, glass

substrate and liquid crystal (MLC-2070 type, Merck). Ru-doped BTO crystal plate with a

dimensions of 12 9 15 mm2 lateral size and 0.8 mm thickness was cut from bulk crystal

grown by top seeded solution growth method (Sveshtarov and Gospodinov 1991).

Ruthenium was introduced into the melt solution as RuO2 and its concentration of

5.1 9 1018 9 cm-3 has been determined by atomic absorption spectroscopy analysis. One

side of the BTO:Ru plate was preliminary coated with indium tin oxide (ITO) conductive

layer and the other side (contacting with the LC) was coated with polyvinyl alcohol (PVA)

in order to obtain a planar alignment of the LC molecules. Finally, the liquid crystal layer

with the thickness of 12 lm was sandwiched between the BTO:Ru plate and the glass

substrate, using Teflon spacers. The schematic structure of the device is presented at Fig. 1.

To measure the Freedericksz transition threshold voltage and modulation characteris-

tics, the device was placed between a pair of crossed polarizers with a liquid crystal

director (nLC) making an angle of 45� with respect to the transmission axis of the polarizer.

A diode-pumped laser operating at 1064 nm was used to pump the BTO:Ru/LC device and

a weak laser beam at 790 nm to monitor the intensity changes.

The two-wave mixing experiments were performed using 1064 nm diode laser with

linear polarization oriented parallel to the LC director. To check the gain (amplification)

270 Page 2 of 6 V. Marinova et al.

123



value the ratio between the pump beam IP (high intensity) and signal IS beam (weak

intensity) has been fixed to Ip/Is = 70.

Finally, based on the phase modulation ability, an image evolution illuminated on

BSO:Ru/LCLV device was demonstrated.

3 Results and discussions

Figure 2 shows the probe beam intensity transmitted through the device as a function of the

applied voltage (at frequency f = 1 kHz). Obviously, the LC molecules show the tendency

to reorient along the direction of the applied voltage, which follows the typical behavior of

conventional liquid crystal devices (few volts are enough to modulate the light intensity

several times). The intensity dependence of the voltage amplitude allows determining the

Fredericksz transition voltage value.

Next, the phase shift is measured by sending the pump and probe beams together to the

LCLV at a fixed voltage (4.2 V according to Fig. 2a). When the pump light illuminates the

BTO:Ru crystal side, due to its high photoconductivity and resistivity [low dark conduc-

tivity *10-15 (1/X cm) Marinova et al. 2003], the crystal behaves as a light-controlled

resistor which reduces its impedance. Consequently the voltage is transferred to the LC

layer, which supports the LC molecules reorientation and due to the LC birefringence the

beam experience a phase retardation U for the e-wave and o-wave components at the exit

of the light valve.

The induced phase retardation DU is a function of the applied voltage (V0) and the

pump beam intensity (Ip) and is calculated by the formula (Yeh and Gu 2009):
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Fig. 1 a LCLV device structure based on BTO:Ru crystal combined with the LC layer and b Raman–Nath
diffraction orders observed on a view card at 1064 nm
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DUðIp;V0Þ ¼
p � Dn Ip;V0

� �
� d

k
¼ sin�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TðIp;V0Þ

q
ð1Þ

where T = (Iprobe/Iprobe max), d—the LC thickness and Dn = (ne (Ip, V0) - n0).

In consequence, the phase shift of the light valve varies for several p with the applied

voltage (V0) and intensity of pump light Ip. Figure 2b shows the phase retardation at the

beginning of the modulation process up to 200 mW/cm2.

Further, to check the two-wave mixing behavior, an interference set-up has been

arranged using 1064 nm. The two-beam interference creates an intensity fringe pattern

which induces a local re-orientation of the LC molecules and formation of refractive index

grating inside the LC layer with a fringe space K ¼ k
2 sin h

2ð Þ
, where h is the intersection angle

Fig. 2 a Transmitted light intensity dependence on the applied voltage and b phase retardation change
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between the two beams and k is the wavelength. Since the LC thickness (d) is much less

than the fringe space d � K, the grating recorded in the LC layer acts as a thin hologram.

Therefore the light-valve device operates at Raman–Nath regime with several diffracted

beams (0, ±1, ±2,…) at the output. Figure 1b supports the Raman–Nath diffraction orders

detected on infrared viewing card.

Two-wave mixing gain G is measured experimentally as G = I0/Is, where Is is the input

signal intensity (without pump light) and I0 is the amplified signal after the device (signal

beam plus pump beam). At an interaction angle of 2.5� (12 lm grating period) the mea-

sured gain value is G = 4.1. Consequently, the exponential gain of C * 1180 cm-1 is

calculated by the Ið0Þ ¼ IðsÞeCd . This value is among the highest reported until now for

such kind of hybrid light valve devices, operating at near infrared spectral range (Bor-

tolozzo et al. 2006, 2013; Garcia and Rodriguez 2012; Peigne et al. 2015).

Finally, we demonstrate an image (letter A) addressed on BTO:Ru/LCLV device and its

time evolution. Figure 3a shows the begining of the process and its evolution at (b) 50 ms

and (c) 100 ms.

The response time of our device is limited by either the rotational response of the LC

molecules or the capacitance of LC cell although the response time of BTO:Ru crystal is

much faster (about 50–60 ms at 1064 nm) (Marinova et al. 2011, 2013).

The reported experimental results support the idea that Ru addition in BTO crystal

structure significantly improves the concentration of efficient charge carriers leading to

enhanced photosensitivity and photoconductivity at near infrared spectral range, where

only limited number of OASLM operates. This opens further opportunity for new hybrid

device design, operating at near infrared.

4 Conclusion

In conclusion, we have demonstrated near infrared sensitive LCLV device based on

BTO:Ru crystal and LC layer (nematic phase). The two-wave mixing experiments provide

promising values of the gain amplification. The proposed LCLV hybrid structure may open
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Fig. 3 Experimental set-up and time evolution of an image illuminated on BTO:Ru/LCLV device at:
(a) 0 ms, (b) 50 ms and (c) 100 ms
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possibilities for new infrared nonlinear devices allowing electro-optical control of the

phase modulation.
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