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Abstract We proposed a low-insertion-loss and non-volatile optical intensity modulator based on 

Ge2Sb2Te3S2 (GSTS), a recently proposed widegap phase change material. We demonstrated matrix-

vector multiplication using a new photonic tensor core with GSTS intensity modulators, enabling a high 

recognition accuracy of 97.34 % in CNN. ©2023 The Author(s) 

Introduction 

Photonic tensor cores for matrix multiplication 

based on Si photonic integrated circuits (PICs) 

are expected to realize energy-efficient, large-

bandwidth, and low-latency optical neural 

networks. For this purpose, various types of PICs 

have been proposed and demonstrated so far [1–

4]. However, these previous PICs have suffered 

from matrix decomposition complexity or low 

fabrication tolerance. To overcome these 

limitations, we have recently proposed a novel 

photonic tensor core architecture that is tolerant 

to hardware error accumulation [5].  

In this paper, we experimentally demonstrate 

the proposed photonic tensor core. For this 

purpose, we propose a new optical intensity 

modulator based on Ge2Sb2Te3S2 (GSTS), which 

we have recently developed [6]. GSTS has a 

wider bandgap than conventional Ge2Sb2Te5 

(GST) and features negligible optical absorption 

in its amorphous state and large optical 

absorption in its crystalline state at a 1550 nm 

wavelength. These features enable us to realize 

low-insertion-loss (IL) and non-volatile optical 

intensity modulators based on GSTS. Thanks to 

the low IL, the GSTS intensity modulator enables 

multi-level intensity modulation up to 24 levels for 

the wavelength range from 1520 nm to 1600 nm. 

Using the GSTS intensity modulators, we 

compose a photonic tensor core and successfully 

demonstrate 4×4 matrix-vector multiplication. 

Based on the experimental results, we 

numerically implement a convolutional neural 

network (CNN) for handwritten digit recognition, 

in which convolutional operations are performed 

in the optical domain and demonstrate a high 

recognition accuracy of 97.34 %. 

Operation principle of photonic tensor core 

Figure 1 shows the schematic of the proposed 

photonic tensor core for 4×4 matrix-vector 

multiplication. Input light from a grating coupler is 

split into four Si waveguides and injected into the 

input vector section where microring modulators 

are used to encode an input vector with optical 

intensity. Through waveguide couplers and 

waveguide crossings, the modulated vector 

signal is distributed to the weight matrix section 

where the intensity of the vector signal is again 

modulated according to each weight by non-

volatile GSTS intensity modulators, enabling 

matrix-vector multiplication in the optical domain. 

Owing to the non-volatility of the GSTS intensity 

modulator, the weight matrix section does not 

consume power as long as the weight matrix is 

fixed. In the following accumulation section, the 

light is collected into multiport photodetectors to 

perform accumulation as photocurrent in the 

electrical domain. The photonic tensor core has 

an intrinsically small hardware error that does not 

 
Fig. 1: Schematic of 4×4 photonic tensor core. 

                                     

               

             

                        

           

        

       

 
Fig. 2: (a) 3-D view and (b) cross-sectional view of GSTS 

intensity modulator. 

 

      

          

    

      

     

     

      

    

mailto:miyatake@mosfet.t.u-tokyo.ac.jp


  

increase with the device scale, being a promising 

approach to realize a high fidelity and high energy 

efficiency optical computing platform. 

GSTS intensity modulator 

For the intensity modulators, we adopted GSTS, 

a new wide-gap PCM that we have recently 

proposed [6]. Figure 2(a) shows the schematic of 

the GSTS intensity modulator. A 20-nm-thick 

GSTS and SiO2 layers cover the top of a 220 nm-

thick Si strip waveguide on a 3-μ -thick buried 

oxide (BOX) layer as shown in Fig. 2(b).  

The advantages of GSTS for the intensity 

modulators over other PCMs are as follows. GST 

the most widely used PCM, has non-negligible 

optical absorption at a 1550 nm wavelength in its 

amorphous state, resulting in the non-negligible 

IL of the intensity modulator. Sb2Se3 [7] and 

Sb2S3 [8] have almost no optical absorption in 

both amorphous and crystalline states at a 1550 

nm wavelength, which is not suitable for intensity 

modulation. Ge2Sb2Se4Te1 (GSST) [9] has no 

absorption in the amorphous state and large 

absorption in the crystalline state, suitable for 

intensity modulation, while the toxicity of Se is an 

issue. GSTS features both a transparent 

amorphous state and an absorptive crystalline 

state at a 1550 nm wavelength, like GSST. 

However, unlike GSST, it is non-toxic. These 

features are ideal for the realization of compact 

and low-IL intensity modulators. 

Figures 3(a) and (b) show the attenuation 

coefficients of GST and GSTS, respectively. 

Although amorphous GST has optical absorption 

at a 1550 nm wavelength, that of GSTS at the 

wavelength is negligibly small. Figure 3(c) shows 

the relationship between the extinction ratio (ER) 

and IL of two PCM intensity modulators at a 1550 

nm wavelength. Thanks to the negligibly small 

optical absorption of the amorphous GSTS, the 

trade-off between the IL and ER can be 

overcome, making the GSTS intensity modulator 

essentially superior to the GST intensity 

modulators.  

Next, we fabricated the GSTS modulator. 

After the formation of Si strip waveguides with 

grating couplers, a 400-nm-thick SiO2 cladding 

was deposited using plasma-enhanced chemical 

vapor deposition. 2-μm-wide windows were 

opened in the cladding by electron-beam 

lithography, inductively coupled plasma reactive 

ion etching (ICP-RIE), and wet etching with BHF, 

which was followed by the deposition of a 20-nm-

thick GSTS layer and a 20-nm-SiO2 capping layer 

using RF sputtering. Lastly, the GSTS film and 

SiO2 film except for the device region were 

removed using ICP-RIE. Figure 4 shows the ILs 

of GSTS intensity modulators before and after the 

crystallization of GSTS at a 1550 nm wavelength. 

The inset shows an optical microscopy image of 

the fabricated device. The measured loss of the 

modulators with amorphous GSTS was 0.004 

 B/μ , wh  h w        f                 h    h   

of the GST modulator estimated from Fig. 3(a) 

  .   B/μ  . The loss with crystalline GSTS was 

1.71  B/μ . This result shows that GSTS is more 

suitable than GST for low-IL intensity modulators. 

Evaluation of photonics tensor core 

Figure 5(a) shows an optical microscopy image 

of the fabricated 4×4 photonic tensor core. As a 

proof-of-concept demonstration, we implemented 

only the matrix-vector multiplication section. 

Figures 5(b) and (c) show scanning electron 

 
Fig. 3: Attenuation spectra of (a) GST and (b) GSTS. (c) 

Extinction ratio vs insertion loss of GST and GSTS intensity 

modulators at a 1550 nm wavelength. 
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Fig. 4: Insertion loss vs length of GST and GSTS intensity 

modulators at a 1550 nm wavelength. The inset shows an 

optical microscopy image of the device. 

 

    
  

 .     B/  

 .   B/  

 
Fig. 5: (a) Optical microscopy image of 4×4 photonic tensor 

core. (b), (c) SEM images of a GSTS intensity modulator. 
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microscopy (SEM) images of a 50-μ -long 

GSTS modulator.  The estimated IL of the 50-μ -

long GSTS modulator is 0.2 dB. 

To demonstrate the multi-level modulation of 

the GSTS intensity modulator, the as-deposited 

amorphous GSTS was crystallized by visible 

laser irradiation. By increasing the length of the 

crystallized region, 24-level modulation was 

achieved for the wavelength range from 1520 nm 

to 1600 nm as shown in Fig. 6(a) and (b). Note 

that for crystallization using visible laser 

irradiation, the spot size of the radiated laser is 

limited to ~ 1 μm. When we perform multi-level 

modulation based on spatially partial 

crystallization, as shown in the inset of Fig. 6(b), 

a longer modulator enables multi-level 

modulation with a larger number of levels. 

Therefore, the GSTS intensity modulator, which 

has a much smaller insertion loss than the GST 

intensity modulators, can be longer and 

modulated with a larger number of levels 

compared with the GST intensity modulators. 

Figure 7 shows the result of 4×4 matrix-vector 

multiplication for the three different matrices at a 

1550 nm wavelength using the photonic tensor 

core. The ERs were greater than 26 dB for all the 

GSTS intensity modulators. 

Numerical analysis of CNN 

Based on the experimental results, we 

numerically investigated handwritten digit 

recognition using CNN as shown in Fig. 8(a). An 

input image was convoluted with ten 3×3 filters, 

which are assumed to be implemented in the 

optical domain. First, CNN’s weights were 

determined through ex-situ training. Then, the 

weights of the five filters in the convolutional layer 

were quantized with nonuniform 24 levels in Fig. 

6 to emulate matrix-vector multiplication using the 

presented photonic tensor core.  

Figure 8(b)(c) shows the confusion matrix. 

The average total prediction accuracy of the 

emulated network with quantized weights was 

97.34 %, which is almost identical to 97.35 % of 

the original (without quantization) network.  

Conclusions 

we propose a new optical intensity modulator 

based on GSTS. The GSTS intensity modulator 

features lower IL than the GST intensity 

modulator. Thanks to the low IL, the GSTS 

intensity modulator enables multi-level intensity 

modulation up to 24 levels. With GSTS intensity 

modulators, we experimentally demonstrated 

4×4 matrix-vector multiplication using a photonic 

tensor core, enabling the high recognition 

accuracy of 97.34 % in CNN. Owing to the non-

volatility of the GSTS intensity modulator, the 

weight matrix section does not consume power 

as long as the weight matrix is fixed. Therefore, 

the presented photonic tensor core is promising 

for energy-efficient in-memory photonic 

computing. 
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Fig. 7: Results of matrix-vector multiplication for the three 

different matrices at a 1550 nm wavelength. 

 
Fig. 8: (a) CNN for handwritten digit recognition. Confusion 

matrices of CNN with (b) original and (c) quantized weight. 
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Fig. 6: Multi-level modulation of GSTS intensity modulator. 

(a) Transmission spectra and (b) transmissions at a 1550 

nm wavelength in the linear scale. 
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