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Abstract 
A single layer phase and amplitude spatial light modulator for 

holographic displays is proposed. The device is 0.7 microns thick 

and can achieve >1.97 π phase control for 30-90% intensity, and 

more than >1.34 π phase modulation for 20-30% intensity. 
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1. Introduction

Light with intensity A and phase 𝛼 can be represented as, 

𝐸 = 𝐴 ∗ 𝑒𝑖∗𝛼  (1) 

A regular photographic hologram is a modulator for both amplitude 

A and phase α. However, for regular spatial light modulator (SLM), 

it is either a phase modulator or amplitude modulator. In [1], 

Makowski shows the image of using phase only SLM, compared to 

a phase and amplitude SLM by cascading two SLM layers. 

Figure 1. Figure in [1]. The left image shows the obtained projected 
image using (a)phase only SLM (b)one amplitude SLM and one 

phase SLM. 

To achieve an overall high image quality, independent amplitude 

(A) and phase (α)  modulation are desired for an SLM. Maimone

[2] reviewed the current method to get amplitude and phase control

SLM. As shown in Fig.1, cascading one amplitude only SLM and

one phase only SLM can achieve both amplitude and phase control

using two layers. A paper by Hoon Song [3], however, stated the

two practical problems when cascading the two SLMs with pixel 

matching alignment. First, there is serious crosstalk issue due to

diffraction during the long-distance propagation of the optical field.

Second, the alignment of pixels on the two devices  needs to match

very closely.

Previous work has been done to seek solutions for a single layer 

amplitude and phase control SLM. Direct Amplitude Encoding 

(also called double phase method/double pixel method) [4][5][6] 

encode the phase and amplitude information of one pixel into two 

pixels. However, the amplitude control is still through changing the 

phase α of the two pixels to diffract light, not directly change the 

amplitude A. Also, the use of two pixels for one SLM pixel reduces 

the resolution by half.  

More recently, Du [7] proposed an amplitude and phase modulation 

SLM using two different areas in a single pixel. The basic idea is 

to use half of the pixel to modulate the  amplitude (A)  and half of 

the pixel to modulate the phase (α). However, with this approach, 

the amplitude and phase are controlled separately in two half pixels, 

leading to a resultant electric field that is more like the sum of an 

amplitude term plus a phase term,  rather than their product. The 

result is still not the desired form shown in eqn 1. 

So far, a true single layer SLM that modulates both amplitude A 

and phase α independently has not yet been proposed. This is the 

motivation of this paper. 

In this work, we propose a single layer, phase and amplitude 

modulating SLM. The amplitude A and phase α are independently 

controlled by applying different voltage on a single pixel. The 

proposed device can achieve >1.97 π phase control for 30-90% 

intensity, and more than >1.34 π phase modulation from 20-30% 

intensity. 

2. Device Design
2.1 Basic operating principles 

Our device design has three objectives:  to control the amplitude 

light transmitted by a pixel;  to control the phase of the transmitted 

light simultaneously with the amplitude control;   and to minimize 

the crosstalk between pixels.  

To accomplish these objectives, we use a device based on 

Pancharatnam phase with the following considerations: the 

amplitude of transmitted light can be controlled by changing the 

effective birefringence of a pixel;  the phase can be controlled by 

changing the azimuthal angle of the LC director in a pixel;  and 

inter-pixel crosstalk will be minimized by the factor of two 

reduction in device thickness when using a Pancharatnam phase 

device, over a path length based device.  

Figure 2. A sketch of a Pancharatnam phase device and defining θ 

and β as the polar and azimuthal angle of the local director . 

The details will be shown elsewhere, but it can be shown that the 

complex output of circularly polarized light for input circularly 

polarized light (of the opposite handedness) is: 

𝐴𝑒𝑖∗𝛼
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𝝋

2
) = 𝑖 ∗ 𝑠𝑖𝑛 (

𝝋

2
) = 𝑖 ∗ 𝑠𝑖𝑛 (

π∗(𝑛𝑒
′ +𝑛𝑜)𝑑

2λ
)  

and 𝛼 =  2π ∗ (𝑛𝑎𝑣𝑒) ∗
𝑑

λ
+ 2𝛽 = π ∗ (𝑛𝑒

′ + 𝑛𝑜) ∗
𝑑

λ
+ 2𝛽



42-1 / F. Xi

SID 2025 DIGEST • 549 
ISSN 0097-996X/25/5601-0549-$1.00 © 2025 



 

and         𝑛𝑒
′ =

𝑛𝑜∗𝑛𝑒

√𝑛𝑒
2 cos2(θ)+𝑛𝑜

2 sin2(θ)
 

And  is 2(ne’-no)/d  (where ne’ is the effective extraordinary index 

of refraction,  and d is the LC layer thickness); and  is the 

azimuthal angle of the projection of the director onto the plane of 

the device relative to a fixed lab axis.   

To change the amplitude A and phase 𝛼, the basic idea is: 

1. For amplitude control, use the vertical voltage to tilt the 

director(change the polar angle θ). Recall 𝑛𝑒
′  is a 

function of θ,  change θ  will change ne’, leading to the 

change in amplitude.  

 

2. For phase control, use an in-plane voltage to change β, 

that will change the phase, .  

 

2.2 Electrode structure and Liquid crystal surface alignment 

Figure 3. (a)  LC director side view (xz axis) for three neighboring 

pixels (b)top view (xy axis, from the mirror side) for three 
neighboring pixels.  

The LC directors’ polar angle at the electrode side of the pixels is 

θe with respect to the z axis (thickness direction) and is homotropic 

at the ground plane side. The azimuthal angles at the electrode side 

are + βe degrees for odd pixels, and – βe  degrees for even pixels. 

Using two driving voltages of  Vcommon for common plane and 

Vfinger for finger electrodes, we can generate an electric field along 

the z direction to change the polar angle of the LC director 

(amplitude of light) and  the fringing fields to change the  azimuthal 

angle of the LC director(phase of light). 

 

2.3 Independent phase and amplitude control by 

applying a two-step pulse width modulation voltage waveform 

 

The vertical voltage Vvertical(providing an electric field along the z 

direction) is set for both common plane and finger electrodes 

relative to the ground. We can offset the drive waveform of the 

common plane Vcommon and finger electrodes Vfinger to set the RMS 

in-plane voltage Vinplane (providing an electric field along the x 

direction).  
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𝑉𝑖𝑛𝑝𝑙𝑎𝑛𝑒 = √(2 ∗ Vvertical)2 ∗
offset

180
                 (2) 

 
Figure 4. Drive forms for common and finger electrodes. 

 

When offset=0, common plane and finger electrodes are always in 

phase, so Vinplane is at minimum at 0V. When offset=180 degrees, 

common plane and finger electrodes are always out of phase, so 

Vinplane is at maximum at 2* Vvertical. Any in-plane voltage between 

0 and 2* Vvertical can be achieved by adjusting the relative offset of 

the two drive form. 
 

By setting the two parameters of Vvertical and Vinplane, both amplitude 

and phase modulation can be achieved. 

 

To modulate the intensity,  different Vvertical is applied to change the 

polar angle of the LC directors. 

 

While there is no complication in changing the intensity, to change 

the phase needs more consideration. Because the neighboring 

pixels have opposite azimuthal angles at the electrode side of –βe  

degrees and + βe degrees, applying Vinplane will make their 

azimuthal angle rotate away from their initial value. For example, 

for odd pixels, LC directors at the electrode side have + βe degrees 

azimuthal angle, applying Vinplane will only make azimuthal angle 

more positive, leading to increasing the output phase. 

 

For the output phase to be <0 for odd pixels, we will need to apply 

a two-step voltage sequence and utilize elastic coupling between 

pixels. 

Step1: Apply “non-uniform” voltage with in-plane voltage on 

the even pixels while have no in-plane voltage on the odd pixel. 

The goal is to use the elastic coupling between odd and even pixel 

to “drag” the odd pixel azimuthal angle from positive to negative. 

Step 2: Now both even and odd pixels have negative azimuthal 

angle. We can then apply in-plane voltage to change the azimuthal 

angle(output phase). 

 

3. An example device 

In this section, we will give an example device with all the 

parameters used for simulation.  

3.1 LC material properties 

The LC material elastic constant K11=16.7 pN, K22=7.3 pN, 

K33=18.1 pN, dielectric constant along the long axis ε//=3.6, 

ε⊥=7.8, refractive index along the long axis ne=1.71, refractive 

index along the short axis no=1.5. The cell thickness d is 0.7 

microns, which is a little thicker than the quarter wave 

retarder(QWR) thickness 0.625 microns for green light(0.525 

microns). 

The LC director polar angle on the electrode side θe is selected to 

be 60 degrees. This makes the minimum intensity to be 20% when 

there is no vertical voltage applied. The choice to make θe=60 deg 

is not unique. To reduce the minimum intensity, θe can be reduced. 

With θe reduced to 30 degrees, the minimum intensity can be as low 

as 3%. However, reducing θe will reduce the effective azimuthal 

torque, which reduces the response speed after the in-plane voltage 

is removed. When θe is close to 0, the device becomes a vertical 

alignment cell, and the ability of phase control is lost. In this paper, 

we will stay with our choices of θe=60 degrees.  

The azimuthal angles on the electrode side is +10 degrees for odd 

pixels, and -10 degrees for even pixels(βe=10 degrees). This choice 

is also not unique. A smaller βe will make the cells more uniform 

between even and odd pixels, but the response  speed will be slower 

after the in-plane voltage is removed. A larger βe, on the other hand, 

the output phase will be less uniform between even and odd pixels, 

but can respond relatively faster after the in-plane voltage is 

removed. 

The polar anchoring energy is 10-4 j/m2 on the electrode surface. 

Because the polar angle is 0 degrees on the glass surface, the polar 

anchoring energy reduced to 10-5 j/m2. The azimuthal anchoring 

energy on both surfaces are 10-5 j/m2. The viscosity constant is 186 

mPas. 

3.2 Electrode design and driving voltage 

In this example design, the finger electrode width is set to 0.125 

microns, and the electrode gap and pixel gap are the same at 0.625 

microns. The insulator between common plane and finger 

electrodes have a thickness of 0.0125 microns. There are 1 common 

plane, 1 ground plane and 4 finger electrodes for one pixel. 

 
Figure 5. Picture of the simulation domain. In the figures, EP stands 
for even pixel, where azimuthal angle on the electrode side is +10 
degrees. OP stands for odd pixel, where azimuthal angle on the 
electrode side is -10 degrees. T stand for transition region, where 
azimuthal angle on electrode side is 0 degrees. To reduce the 
simulation width, the simulation width of the even pixels is less than 
the odd pixel. Because the device is symmetric, we can expect the 
result from symmetry when the even pixels are placed in between 
two odd pixels. 

We will use up to 5V(peak to ground), 1250Hz AC pulse width 

modulation to drive the pixels.  

3.4 Getting different phase and amplitude using pulse 

width modulation and a two-step voltage method 
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In this work, we will set the phase to be 0 when azimuthal angle is 

0 degrees for 90% intensity. The phase zero point is calculated 

when Vvertical=3V, Vinplane=0V. All output phase is relative to this 0 

phase point for consistency. 

By activating the even pixels first(as demonstrated in section 2.3, 

applying in-plane voltage on even pixels but not on odd pixels) for 

the two step voltage method, we can reduce the output phase. On 

the other hand, we can increase the output phase by applying in-

plane voltage for the odd pixels first.  

Using the different Vvertical and Vinplane, we can vary the phase for 

intensities between 20% to 90%. As an example, we have varied  

the phase for 20%,30%,50% and 90% intensity. 

4. Summary and discussion

In this work, we proposed a SLM that can achieve >1.97 π phase 

control for intensity from 30%-90%, and >1.34π phase control for 

intensity between 20%-30%.  

Many parameters can be changed for further optimization, 

depending on the goal of the device, but also with trade off. As 

discussed, the polar angle on the electrode side can be changed for 

a lower minimum intensity, but the response  speed will be slower. 

In this paper, we chose a relatively small dielectric anisotropy Δε 

of -4.2 and limit the highest driving AC voltage to 5V(peak to 

ground). With higher dielectric anisotropy materials, the device is 

expected to have higher maximum intensity and lower required 

maximum driving voltage.  
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Figure 6. Average intensity and phase achieved with the proposed 

device. The black points are when Vinplane=0V. The blue points are 

activating the even pixels first while the red points are activating the 

odd pixels first.  

Some of the phase points obtained directly from our calculations 

have values below -π. Considering the equivalence of a phase 

angle and when the angle has 2 added to it, for those points 

where the phase is less than -, we  add 2π to bring the phase back 

to the phase range of [-π, + π]. Those special points after adding 2π 

are indicated by blue circle marks. The significance is that there 

will be a 2 phase change between the blue circle points and the 

red points.  
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