
All-Chalcogenide Programmable All-Optical Deep Neural Networks 
 

Ting Yu1,†, Xiaoxuan Ma2,†, Ernest Pastor 3, Jonathan K. George2, Simon Wall 3,4, Mario Miscuglio2, 
Robert E. Simpson1, Volker J. Sorger2,*

 
*sorger@gwu.edu 

 
1Singapore University of Technology and Design, 8 Somapah Road, 487372 Singapore, Singapore 

2Deptartment of Electrical and Computer Engineering, George Washington University, Washington DC, DC, USA 
3ICFO - Institut de Ciencies Fotoniques, The Barcelona Institute of Science and Technology, Av. Carl Friedrich Gauss 3, 

08860 Castelldefels (Barcelona), Spain 
4 Department of Physics and Astronomy, Aarhus University, Ny Munkegade 120, 8000 Aarhus C, Denmark 

†These authors contributed equally to this work 
 
 
 

Table 1: Coefficient values in equation (1) of method section. 
𝑛  

1 2 

𝑎 𝑏 𝑐 𝑑 𝑎 𝑏 𝑐 𝑑 
0.6088 0.6149 0.6882 176 0.3775 0.6776 0.05565 175 

 

 
                                                             
 
Figure S1.  The rate that the sample reflectivity changes with respect to temperature, as a function of temperature.  
 
 
MZI Design 
The switch is spectrally broadband and can operate in a spectral window of 50 nm around 800 nm. 
When the Sb2S3 film is in the amorphous state, the optical switch is characterized by small IL < 2 dB 
and a cross talk, defined as the difference in transmittance expressed in dB between the two ports, from 
−6 to −10 dB over the wavelength range of 790−820 nm. For the crystalline state the spectral response 
is flatter and over the same spectral range the insertion losses are still within 2dB while the crosstalk 
significantly reduces, from -10 to -12 dB. (Fig. S3)  



 
Figure S2. Design of the 2x1 optical switch. (a) Effective refractive indices of the fundamental modes for a bare 
silicon waveguide (blue solid line) and the hybrid waveguide for a the Sb2S3 layer being amorphous (red) and 
crystalline (yellow). (b) Normalized electrical field profiles of the supermodes in the two-waveguide system when 
the Sb2S3 is in (iii-iv) amorphous and (i-ii) crystalline state. All the modes are simulated for TE polarization at 
880 nm. 

 

 
Figure S3. Transmittance in the bar state as function of the portion of the Sb2S3 layer that has been amorphised. 
Red dashed line represents a cosine square fitting. RMSE < 0.01%. 
 

 
Figure S4. Calculated transmission spectra expressed in dB at the cross and bar ports for aSb2S3 and cSb2S3 

 
 
 



Network Footprint and Energy Computation: 
Considering the network presented in the main manuscript which comprises 100 neurons, in order to 
mimic an all-to-all connection, the optical P3A needs to have at least 10,000 switches. Considering its 
relatively small coupling region (14µm), we assume a generous size of the photonic switch of 
approximately 50×50 µm2. This amounts for an overall network footprint of approximately 0.3 cm2, 
which can be integrated on a single chip. 
 
During inference, the energy consumption of the network is limited only by the energy required by the 
NL module to trigger a non-volatile transition. The energy consumption of the entire network is simply 
given by the product of the total number of activation functions in the network (10,000 between the first 
and second layer and 1,000 after the second layer) and the energy consumption of each single NL 
waveguide module.  
 
Considering the fluence of the pulsed pump laser 10 mJcm-2 and a spot size of just 1 µm (which 
corresponds to the footprint of the NLAF module), the energy consumption of the single NL module is 
just 0.1nJ, which translates into a 1.1µJ energy consumption for the entire classification.  
 
Thermal Analysis of Device 
At higher fluences, the material has to dissipate most of the energy before the next pulse. For instance, 
at fluence of 10 mJcm-2 the material is close to the melting point after the second pulse when the pump-
pulse frequency is at 1 GHz.  

  
Figure S5. GST temperature with pump pulse frequency of 1 GHz. The results were obtained using the finite 
element method on COMSOL Multiphysics.  
 
The maximum pump-pulse frequency that can be used for this setup was approximated with the 1D 
heat diffusion equation: 
 

𝜕𝑈
𝜕𝑡

− 𝛼
𝜕3𝑈
𝜕𝑧3

= 0 
 
where 𝑈 is the energy, 𝑡 is the time elapsed,  𝛼 is the heat diffusivity of the material and 𝑧 being the 
coordinate of the material in the 𝑧 direction. The general solution for the amount of energy absorbed 
from the first pulse is given by:  
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Where 𝑈(𝑧, 0) = 𝑔(𝑧) 
 



The thickness of GST is much smaller relative to the waveguide and substrate layer, thus 𝑔(𝑧) can be 
approximated as the dirac-delta function. This simplifies the equation to:  
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For the second pulse: 
 

𝑔(𝑧) = 𝑈H𝑒;I=, 𝑧 > 0 
 
with 𝛽 being the penetration depth such that 
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The upper limit is where the material dissipates 90% of the energy,  
 

𝑒S T1 − 𝑒𝑟𝑓U√𝑥WX = 0.1 
 
with 

𝑥 = 31 = 𝛼𝛽3𝑡	 
 
Given that 𝛼 = 1.4 × 10;Z𝑚𝑚3/𝑠37,38, ^

I
= 30	𝑛𝑚, 𝑡 is given by 2.4 ns 

 
 
  


