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Abstract: We experimentally demonstrate, for the first time, co-located data storage and processing
(i.e. in-memory computing) on an integrated photonic platform based on nonvolatile phase-change

materials. © 2019 The Author(s)
OCIS codes: (230.3120) Integrated optics devices; (200.0200) Optics in computing; (210.4680) Optical memories.

1. Introduction

Breaking the processor-memory dichotomy in Von-Neumann architectures by computing directly on the memory
elements — known as in-memory computing — would tremendously transform the computing landscape [1]. Hardware-
based implementations of tasks such as scalar multiplication, bulk-bitwise operations, and correlation detection are
some of the emerging applications of such architectures, as it has been demonstrated in electronic in-memory
computing [2]. An integrated photonic implementation has the potential to further exploit the potential of this
architecture by providing an even faster solution with the extra benefits of bandwidth and wavelength multiplexing
on a chip. To achieve this, on-chip nonvolatile multilevel memories are required, a gap that has been successfully
bridged by embedding phase-change materials (PCMs) in all-photonic chip-scale devices for information
processing [3-5]. In this paper, we demonstrate the first instance of a photonic computational memory for scalar
multiplication of two numbers and describe the optimization of PCM-based multilevel memory. This represents a
milestone for optical processing in memory given their potential for applications in solution of systems of linear
equations, machine learning, and deep learning [1,6].

2. Results

We used the photonic memory device sketched in Fig.1a as the active device to demonstrate multiplication between
two scalars (i.e. “a x b”"). We do so by mapping the variable “a” to the power of an input pulse Pi, and “b” to the
transmittance Test of the device. Prior to the input pulse Pi,, we set the value of Test with a Write pulse Pwrite Which
nonvolatility switches between different mixtures of amorphous and crystalline Ge,Sh;Tes (GST) [7]. The
corresponding output pulse Poy: contains the resulting multiplication of PinxTgst, which is amplitude encoded. We
used pulse energies for Pwrite and Pin above and below the device’s switching threshold (i.e. the minimum energy to
partially amorphize fully crystalline GST), respectively. In this manner, Pi, pulses are modulated by the transmittance
imposed by GST, but they do not further modify the transmission state of the device. Our device uses evanescent-field
coupling between the waveguide mode and the phase-change memory cell placed on top of the waveguide to
crystallize or amorphize GST by annealing over 150°C and melt-quenching over ~600°C, respectively using
PWrite [3]

To obtain reliable behavior of GST even after many hundreds of cycles, which is crucial to obtain low errors in
the calculations, we optimized the following to boost the device performance [8]:

1.  We maximized the SNR of the optical transmission measurement and thus, we were able to codify a larger number
of transmission levels in a single cell (equivalent to a 4-bit variable).

2. We introduced a new switching mechanism consisting of a single double-step pulse to Erase from any
transmittance level directly to the baseline. This double-step pulse represents a lower energy (sub-nJ) and faster
(125ns) approach to that of a train of decreasing energy pulses (nJ and microseconds) [3]. However, to transition
between two Tesr levels it was necessary to always Erase to the baseline beforehand.

3.  We demonstrated the lack of optical drift up to 10* s (i.e. a true nonvolatile behavior), which is unique in this
device architecture and one of its biggest advantages, especially if compared with the resistance drift of its



electrical counterpart. This means that for our
optical in-memory computing approach, no energy | a) p=Tost! Pyritd
is wasted in periodically correcting the state of the Poui” axb <P
memory [4]. ¢ = Test

4. We demonstrated that the GST transmittance can
be operated in the linear regime—that is, above the e
switching threshold and below the saturation P write Si;N, GSTegy GSTay
region using Pwrite € [180pJ, 354pJ]. This unique b) -
property allows us to have a linear mapping 1.0
between the scalar number “b” and the
transmittance value Tgsr. This property avoids
fitting functions and demanding postprocessing to
retrieve the calculations, which is required in the
case of electronic counterparts due to the nonlinear
pseudo-ohmic behavior of GST.
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The outstanding performance of our optimized
device allowed the demonstration of in-memory
multiplication that we show in Fig. 1b with reduced
postprocessing, smaller calculations errors, and at the
speed of light. This proof-of-concept made use of 13
repeatable transmittance levels in the nonvolatile 0.0-#
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pulses. A _postprocess_ing step was necessary to remove Exact (axb)
the baseline transmission offset due to the finite
transmission of fully crystalline GST. This can be | write pulse (Pwit) is used to switch between transmittance levels (Tast)
further improved by utilizing photonic devices with |of the memory by reaching different mixtures of amorphous and
improved extinction ratios. The error distribution crystalline material [7]. Multiplication between two scalars a and b is

Figure 1. a) Scheme of an on-chip photonic memory based on GST. A

. . . realized by mapping a to the power of an input pulse (P,») and b to the
shown in the inset of Fig. 1b shows good |ansmittance of the device, which is set in a previous step. The output
correspondence between measured and exact values, |pulse (Pou) carries the result of the operation as the input pulse is

with a standard deviation of just 2.3%. We attribute |modulated by the transmittance of the device. b) Experimental

great part of this error to electrical fluctuations in the demonstration of 429 multiplications versus the expected value, using
. f the Pur ulses via electro-optical 13 levels for Tesrand 33 values for Piy. The inset shows the measurement

genera“?n 0 Hie MWwrite p " ) p error distribution with a Gaussian fit. All pulses were 25 ns in length at

modulation, which introduce uncertainty in both the |3=1598nm. 10 nm thick GST covered an area of 1x1.3 um?2

actual Tesr that is reached and the power of each Pin.

These results confirm the potential of phase-change materials in photonic computational hardware paradigms—
including the ability to perform calculations in the same physical location as memory, using light. While there is room
for improvement, the current capabilities of this kind of photonic integrated device hold promise for all-optical
nonvolatile data storage [3], on-chip photonic synapse [9], all-optical and electro-optical switches [10,11], and, as we
have also demonstrated here, optically performing computational tasks with co-located memory and processing [5,8].
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