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Abstract: We propose an electrically programmable, multi-level non-volatile photonics memory
cell (PMC) fabricated by standard CMOS compatible processes. A micro-ring resonator (MRR)

was built using the PMC to demonstrate programmable and erase functions.
OCIS codes: (210.4770) Optical recording; (210.4810) Optical storage-recording material; (250.3140) Integrated
optoelectronic circuits; (130.3120) Integrated optics devices; (130.4815) Optical switching device

1. Introduction

Silicon photonics circuits are playing increasingly important roles in optical communication and interconnect fields
[1,2]. However, conventional integrated optical waveguide is without memory functionality. Therefore, refractive
index changes within an optical waveguide is required to maintain the state of the waveguide in devices such as
optical switches and modulators [3,4]. This results in large energy consumption during operation. Here we design
and demonstrate experimentally an electrically programmable and erasable, non-volatile optical waveguide memory
structure. Using electrical voltage pulses, the waveguide state is changed while no energy is required to maintain the
optical memory state. This novel optical memory waveguide structure can be utilized to have significant impact on
various applications in optical interconnects, memory input/output interfaces, and neural networking.

2. Working principles

Figure 1 shows the proposed photonics memory cell (PMC) with programmable and erasable memory functions.
The device utilizes a floating gate (FG) transistor structure with the source and drain separated. The left dished line
box in Fig. 1 represents the optical waveguide with a polycrystalline-silicon (poly-Si) floating gate, separated by a
thin oxide dielectric. At the source side (right dished line box), a poly-Si control gate overlaps the floating gate
partially, and is separated from the floating gate by an oxide-nitride-oxide (ONO) stack.
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Fig. 1 Cross section illustration of the optical waveguide structure. WG: waveguide. FG: floating gate. CG: control gate. S:
source. D: drain.

Program (write)

By applying voltage to electrical source (S) and control gate (CG), electrons acquire sufficient energy to tunnel
through the gate oxide and into the floating gate. By controlling the FG doping profile and drain (D) voltage, while
keeping source and CG un-biased, the electrons will be transported to the drain side of the FG. The injected carriers
create a change the effective index of optical waveguide, and subsequently a phase change to the optical signal. This
is labeled as the ON state in this work.

Erase

By setting the CG voltage to 0 V and biasing the drain terminal with a voltage, the electrons in the FG have enough
energy to tunnel through the barrier between FG and bottom Si interface. The movement of electrons out from the
FG will result in an optical phase change to the waveguide and this is classified to be the OFF state.
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3. Results and discussion

The devices were fabricated using standard CMOS technology in a 248 nm line. The Si waveguide is a 160 nm thick
with a 100 nm slab. The tunneling gate oxide is 8 nm. The ONO stack consists of 6 nm TEOS oxide, 3.5 nm
LPCVD Si3N4 and 6 nm TEOS oxide. Figure 2 shows the optical and SEM images of the MRR structures. We
investigate the evolutionary program steps by supplying square-shaped electrical signals beginning from the OFF
state. The signals have a peak voltage of 20 V with different pulse widths from 0 ms to 500 ms in steps of 25 ms.
Figure 3a (top plot) shows the transmission spectra with increasing voltage pulse widths, and the bottom plot shows
the corresponding resonance wavelengths. The efficiency of the resonance wavelength shift is ~ 2.53 pm/ms. Figure
3b shows the results of the erase steps starting from the ON state. The same pulse widths were used, while the peak
voltage was reduced to 6 V. The efficiency of the red shift resonance associated to the erase step is 2.98 pm/ms.
This occurs when the pulse width is larger than 50 ms and saturates at 200 ms. The step-like nature of the memory
MRR can be useful in multi-level memory functionality. The endurance test of 30 cycles, and retention of 20 hrs
was also conducted for both ON/OFF states.

Fig. 2. Memory integrated silicon reconfigurable microring. a, optical and SEM picture of MRR PMC. b, Perspective view of
the microring resonator integrated with memory optical waveguide, and coupled with a ridge optical bus waveguide. ¢, cross-
sectional SEM of MRR PMC. d, The zoom-in TEM of control gate, floating gate and source. e, IPD (what is this) with control
gate and floating gate, f, coupler of MOS optical waveguide and ridge waveguide.
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Fig. 3 Resonance wavelength evolutions upon square-shaped pulse voltage supply. a, Spectra evolution during program process upon
square-shaped pulse voltage supply with increased pulse width starting from OFF state. b, Spectra evolution during erase process upon
square-shaped pulse voltage supply with increased pulse width starting from ON state. The pulse width increases with step of 25 ms.

4. Summary

We proposed a novel silicon photonics memory cell using CMOS compatible processes. The device is shown to be
electrically programmable and erasable by integrating it in a MRR. Endurance and retention tests were also
conducted to demonstrate its stability and applicability in various photonics related applications.
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