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The Experiment 

• Mice infected via adeno-associated virus with opsin (C1V1T)  

• Find affected neurons (e.g. virus co-expressing EYFP), choose 
targets for stimulation 

• Simultaneously activate the target neurons (induce spikes) 

• Record activity from neurons, see how the activation of the 
stimulated neurons affect the circuit. 

Activate a subset of cortical neurons 

and record from many around to 

investigate neural circuits. 



The Experiment 



The Optics 

• Phase-only Spatial light modulators (PO-SLMs) consist 
of electronically addressable pixels that can create 
retardation of the incoming wavefront thus creating 
“arbitrary” phase-pattern in the SLM plane, which 
thereafter propagates to the far field and interferes with 
itself, creating the desired patterns. 

Use spatial light modulators to split 

laser beam and create maxima at 

pre-specified locations  



The Optics 
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ABSTRACT | Liquid Crystal on Silicon (LCOS) Spatial Light 

Modulators (SLM) were first developed by Boulder 

Nonlinear Systems (BNS) two decades ago and were 

used primarily in optical processing systems.  More 

recently, there has been interest from physics 

researchers and biologists in applying these devices for 

pulse shaping and optical tweezers applications.  These 

applications required fine resolution spatial control of 

light and high efficiency.  To meet these challenges, BNS 

has begun to offer devices at higher wavelengths and 

with dielectric mirrors.  The addition of a mirror greatly 

improves the optical efficiency of the device but at the 

cost of increased pixel-to-pixel cross-talk.  In this study 

we strive to quantify the cross-talk effect and its 

relationship to device operating wavelength.  We also 

compare BNS devices with and without dielectric mirror 

coatings. 

INTRODUCTION  

Liquid Crystal on Silicon (LCOS) Spatial Light Modulators 

(SLM) capitalize on high-volume manufacturing 

techniques used to fabricate LC displays for consumer 

applications, minimizing the size and the cost of 

devices.  Liquid crystals are inherently low-voltage and 

compatible with standard digital circuitry.  The LCOS-

SLM device has thousands of spatially independent 

phase elements, resulting in high-order modulation, but 

with no moving parts. 

The backplane of the LCOS-SLM device is composed of a 

two-dimensional 512x512 array of reflective pixels. 

Figure 1 shows a side view of an LCOS-SLM device.  The 

liquid crystal layer is sandwiched between a VLSI silicon 

die patterned with a pixel array and a piece of cover 

glass.  Circuitry within the VLSI backplane provides an 

individually programmable analog voltage at each pixel.  

The cover glass is coated with a very thin transparent 

conductive oxide layer that serves as a common 

electrode.   

 
Figure 1. Side view of an LCOS-SLM device.  A wavefront entering 

the device is phase modulated by varying voltage on the 
individual pixels, which in turn rotates the LC molecules 
above the pixel. 

Many LCOS-SLM devices are binary – only a low or high 

voltage can be programmed at each pixel and pulse 

code modulation is used to achieve an average variable 

voltage.  However, BNS devices are truly analog, with 

each pixel programmed to a variable voltage. When 

different voltages are applied to the pixel array, a 

varying electric field is produced across the liquid crystal 

layer.  This electric field rotates the liquid crystal 

molecules and ultimately determines the phase delay of 

light traveling through the system.  The backplane pixels 

are aluminum and therefore serve as both electrodes 

and mirrors in a reflective configuration. 

512x512  

Liquid Crystal on Silicon 

Spatial Light Modulators 

SLM pattern produced 



The Optics 

• Gerchberg-Saxton (1972) algorithm 

to iteratively optimize SLM pattern 



The Problems 
• Phase and pixel quantization 

• wavefront correction 

• inter-pixel crosstalk 
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values of -2.5 volts and +2.5 volts.   Alternately, if the 

user writes 127 grayscale value (2.5V) to the pixels, the 

hardware toggles the pixels between grayscale 127 and 

its complement (grayscale 128).  This is the cover glass 

voltage and therefore no electric field is applied across 

the LC layer.  Because the liquid crystal responds 

optically to the amplitude of the field and not the sign, 

this drive scheme results in a equivalent optical 

response from 0 - 127 as from 255 - 128. 

 
Figure 4.  Typical optical phase response from BNS LCOS-SLM’s. 

A typical optical response curve is shown in Figure 4.   

As shown, when full field is applied (pixel value 0 or 

255) the phase delay introduced by the LC is at a 

minimum. When no field is applied (pixel value 128) the 

phase delay is at a maximum. Note that the curve 

seems to flatten out at low field (near 128). This is 

because the liquid crystal has a threshold response, i.e. 

that the voltage must be above a certain value in order 

for the orientation of the molecules to begin to change.   

In the region where the response is nearly flat the AC 

voltage applied to the LC layer is so low that it is below 

threshold resulting in an invariant optical response. 

THE CROSS-TALK EFFECT 

In an ideal SLM the optical phase delay between 

adjacent pixels would be an abrupt transition.  

However, the distance between backplane and cover 

glass as well as the inter-pixel distance prevent this 

ideal behavior. In reality the electric field in the inter-

pixel gap is dominated by cross-talk between the two 

pixels instead of the desired pixel to cover glass field.  

The cross-pixel electrical field produces undesirable 

twisting of the liquid crystal molecules in the gap, 

resulting in smoothing of the phase profile and/or 

diffraction to high orders. The problem is amplified 

when thicker LC layers are used to accommodate longer 

wavelengths, or when high efficiency mirror coatings 

are added to the LCOS backplane.   

 

Figure 5.    The inter-pixel cross talk effect. 

TESTING METHOD 

To quantify the cross-talk effect, the output of an LCOS-

SLM when presented with a checkerboard test pattern 

is compared to the performance of an ideal binary 

phase grating.  BNS devices designed for 2π  (a full-wave 

of phase modulation) at wavelengths of 532 nm, 633 

nm, 785 nm and 1550 nm are compared.  In addition, 

devices with and without mirror coatings are tested at 

each wavelength. 

Test Setup 
The first and zero-order intensities are measured using 

the set-up as shown in Figure 6.  The polarization of the 

laser is aligned to be parallel to the extraordinary axis 

on the LCOS-SLM by adjusting the half-wave plate.  The 

beam direction is aligned perpendicular to the SLM 

surface by moving the laser until the zero order or 

directly reflected beam overlaps the laser output. For 

most wavelengths an aperture and broadband polarizer 



The Problems 
• Tradeoff between field of view and power? 
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Distance from zero order spot (micrometers) 

BNS 30 spots on fluorescent slide 



Machine Learning: 
The Solution? 

• G-S algorithm -> optimal, but unconstrained solution 

• Add constraints and project to find best solution? 
o Impossible, we cannot define all constraints. 
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• Extremely cheap to collect data, ~30 ms to set new 

SLM pattern, BUT very high dimensional (maps from 

512*512*256 to 512*512*256) 

• Learn the much lower dimensional basis of SLM 

patterns that create spot-patterns in the far field 

• In this representation, learn the association between 

SLM and far field patterns 

• Predict good SLM patterns for desired far field ones 



Today’s Recipe 
• Take a bit of a neuroscience dream 

experiment, that is coming true 

• Add cool laser physics stuff 

• Spice it up with machine learning 
to solve what physics can not 

 

• Let everyone have tea and biscuits 
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