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Abstract

:

Since the 1980s, researchers have taken giant steps in understanding how to use quantum mechanics for solving real problems—for example, making a computer that works according to the laws of quantum mechanics. In recent decades, researchers have tried to develop a platform for quantum information and computation that can be integrated into digital and telecom technologies without the need of a cryogenic environment. The current status of research in the field of quantum integrated photonics will be reviewed. A review of the most common integrated photonic platforms will be given, together with the main achievements and results in the last decade.






Keywords:


quantum information; quantum computation; integrated photonics; quantum processors; quantum technologies












1. Introduction


The idea of building a computer based on the manipulation of quantum systems dates back to the early 1980s, when R. P. Feynman, among others, proposed in his pioneering work [1] to build a computer based on the principles of quantum mechanics, to simulate nature. In 1984, Bennett and Brassard proposed the first quantum key distribution (QKD) algorithm [2] based on the principles of quantum mechanics for the amplification and distribution of secure cryptographic keys. In 1992, Bennett together with Wiesner proposed the dense coding protocol that in quantum communication allows the transfer of a number of classical bits of information, using a smaller number of qubits [3]. In 1993, the protocol of quantum teleportation was proposed, to overcome the distance limitations in transferring a quantum state [4]. In the following decades, many quantum algorithms able to outperform the corresponding classical ones were developed, such as Grover’s quantum-search algorithm [5] and Shor’s factoring algorithm [6]. At the end of the last century, Schumacher established the analogy to Shannon’s theorems, and the beginning of the new millennium saw the formal definition by DiVincenzo of the physical requirements for the practical implementation of a universal quantum computer [7]: (i) ability to initialize the state of the qubits; (ii) ability to implement a universal quantum gate; (iii) coherence time larger than the gate operation time; (iv) qubit measurement capability; (v) scalability. Since then, several technologies have been proposed for practical usage based, e.g., on superconducting [8], trapped ions [9], photonic [10] and silicon technologies [11]. Several realizations of qubits and implementations of quantum gates have been conceived. The simplest, but universal, prototype of this kind of circuit is the two-qubit controlled–NOT-(CNOT) gate. It operates by flipping the state of a target qubit in the computational basis    | 0 〉  T  ,    | 1 〉  T   only if the control qubit is in the state    | 1 〉  C   (see Box 1).



The challenge, which is currently being addressed, remains the establishment of a scalable and convenient platform for practical implementation of quantum technologies. Such quantum technologies include protocols and devices able to perform computations that are much more time-efficient than their classical counterparts. In recent years, IBM [12] and Google [13] have realized prototypes of commercial quantum computers. They use superconducting qubits by means of the superposition of supercurrents in Josephson junctions, which require very low temperatures to operate. Also, superconducting opto-electronic circuits integrated with photonic components have been explored for fast, energy-efficient computation [14], photon detection [15,16], and transduction between microwaves and optical photons [17,18]. However, these new quantum technologies should be simply integrable into the systems and infrastructures that have been developed for digital and telecom information technologies. This requirement has oriented researchers towards the development of integrated photonics chips in silicon [11,19,20,21]. Due to their potential integration into and compatibility with the complementary metal–oxide-semiconductor-(CMOS) fabrication process at the heart of the digital era, silicon-based-integrated-photonics architectures are promising candidates for integrated-quantum-photonics devices, which do not require an ultra-cryogenic environment. In this view, integrated quantum photonics provides a versatile platform for on-chip generation, processing, and detection of quantum states of light [6,7]. The aim is the development and implementation of a complete silicon-photonics integrated circuit for quantum computation. However, the lack of photon–photon interaction without a non-linear matter mediator makes such a proposal challenging. In 2001, a breakthrough was achieved with the introduction by Knill, Laflamme, and Milbourn [22] of probabilistic-gate-based quantum computation by means of linear optics (the KLM scheme). On this basis, they demonstrated that the missing photon–photon interaction required for realizing quantum gates can be implemented by suitable conditioning through photodetection represented by measurement-induced nonlinearity [11,22,23]. The price to pay is the lack of determinacy: linear-optics quantum computation (LOQC) is inherently non–deterministic that is, the successful results of the computation are a distinguishable post-selected subset of all possible outputs, although the scalability was demonstrated. Recently, companies have been founded for providing a quantum-photonics approach to problem solving [24,25,26].
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In this review, we explore the current status of research in the field of quantum integrated photonics, and we describe the main achievements and results in the field of integrated-linear-optics quantum computation that were not contained in the previous reviews [20,21].




2. The Beginning of Integrated Quantum Photonics


The main element of LOQC is the beam splitter (the directional coupler in waveguide terminology) with an arbitrary reflection coefficient, which superimposes the state of light, properly guided (see Box 1). The paths the photons might take are the degrees of freedom for encoding qubits. O’Brien et al. [27] provided the first experimental verification of KLM gates by means of bulk optics. However, for scalability and miniaturization, the use of waveguides and directional couplers is preferred. Two approaches have been followed for this scope. One consists in focusing an intense laser on a doped silica layer or on a glass substrate, allowing the creation of arbitrary waveguide structures [28]. The other method, described for the first time in 2008 by Politi et al. [29], is represented by silica-on-silicon-waveguides quantum circuits, where high-fidelity integrated implementations of key components of photonic quantum circuits are demonstrated. In their paper, the fabrication of several directional couplers with different splitting ratios was reported, in order to prove the reproducibility of such devices, which are the main building element of the integrated CNOT gate. The waveguides were made of a silica core doped with germanium and boron oxides. Degenerate photon pairs at 804  n  m  were generated outside and injected into the chips. They also fabricated the first integrated CNOT gate, and experimentally tested its functionality by using only the four states of the computational basis (    | 0 〉  C    | 0 〉  T   ,     | 0 〉  C    | 1 〉  T   ,     | 1 〉  C    | 0 〉  T   , and     | 1 〉  C    | 1 〉  T   ) and measuring the probability of detecting each of the computational states at the output. The average fidelity for the logical basis was (  94.3 ± 0.2  )%. For the first time, a single chip had the ability to implement all the elements necessary to realize an on-chip LOQC-based CNOT gate. However, by using only the states of the computational basis, it was not possible to demonstrate the entanglement/disentanglement property of the CNOT. Those limits were exceeded by including on-chip waveguide interferometers with variable phase shifters to precisely control the state of the qubits and to realize the entanglement of multi-photons directly on chip [30]. In the same year, the first Shor’s factoring algorithm proof of principle using a SiO2 chip with two CNOT gates was demonstrated [31], implementing a compiled version of Shor’s algorithm for factorizing 15.



With such preliminaries, in 2012, Shadbolt et al. [32] realized an integrated-quantum-photonic device comprising a two-qubit entangling gate, eight variable phase shifters, and many Hadamard-like gates. This device was able to characterize both arbitrary single-photon states with any amount of mixture and pure two-photon states with any amount of entanglement. High fidelity for thousands of randomly chosen configurations was achieved. However, the photon sources used for such tests were still bulk devices out of the chip. The first advancement (see Figure 1) towards a fully integrated chip for quantum circuit applications was achieved in 2013 [33]. A bright pump laser, coupled to the chip using a lens fiber and on-chip spot-size converters, and distributed between two spiraled waveguides, excited the   χ  ( 3 )    spontaneous four-wave mixing effect, to produce signal–idler photon pairs. The pairs generated in the two spiraled waveguides interfered on a coupler, to yield either splitting or bunching over the two output modes, depending on the phase, which was thermo-optically reconfigurable. This allowed, for the first time, an on-chip source of photons, although detection was still made outside the chip. The chip was realized on a silicon-on-insulator (SOI) photonic platform, to have full compatibility at telecom wavelength, and quantum interference up to (  100 ± 0.4  )% was achieved. The pairs generated from the device were also tested and used for off-chip Hong–Ou–Mandel experiments, obtaining visibility up to (  95 ± 4  )%.




3. Integrated Quantum Photonics Systems


To enhance the quantum information and computation integrability and scalability, researchers have dealt with the problem of increasing the circuit complexity.



Photonic Processors—Since 2017, improved technologies and fabrication processes have allowed the realization of much more complex integrated circuits able to perform many operations on the chip. A SOI-quantum-photonic device that integrates the capabilities for the generation, manipulation, and analysis of two-qubit entangled states has been reported [49]. The device can prepare and operate on a variety of separable and entangled states, using a switchable entangling gate. The performances were measured using on-chip quantum-state tomography.



The increasing number of elements in a single device brought about the birth of the first quantum photonic processor, which consisted of a programmable single device able to perform many different operations. One of the first reconfigurable integrated quantum photonic processors was developed in 2015 by Carolan et al. [39]. Such a universal linear-optic processor heralded both quantum logic gates and entangling gates, by means of 15 Mach–Zehnder interferometers made of 30 silica-on-silicon-waveguides directional couplers and 30 electronically controlled phase-shifters, programmed with four micro-controllers with a total 32-channel 12–bit digital-to-analogue converters. A picture of the photonic processor is shown in Figure 2a. The processor was also programmed to implement 100 different boson-sampling routines. Boson sampling, which is believed to require exponential time by using classical resources, is a computational task that samples from the output of a linear-network interferometer the distribution of identical photons sent into it [50,51].



Silicon chips started to integrate more and more elements and, in 2017, Harris et al. [52] realized a programmable nanophotonic chip made up of 264 elements [see Figure 2b]: 88 interferometers and 176 individually tunable phase shifters, which could be programmed by means of a 240–channel, 16–bit precision electronic biasing system. The authors, using such a processor, simulated different transport regimes over a set of 64,400 experiments, observing also the signatures of the environment-assisted quantum transport: a particle propagating through a strong disordered system became exponentially localized in space (Anderson localization), inhibiting transport; still, increasing environmental noise over a finite range resulted in enhanced transport.



Later on, in 2018, more than 200 photonic components were used to realize a fully programmable quantum circuit with two qubits [53]. CMOS-compatible processing was used for fabrication. The quantum processor was programmed to compute 98 different quantum operations with two qubits, with an average quantum-process fidelity of (  93.2 ± 4.5  )%. On the same track, Wang et al. [42] realized an integrated multidimensional quantum photonic platform that had more than 550 photonic components [see Figure 2c]. It implemented the generation, manipulation, and analysis of multi-dimension quantum systems directly on a single chip.



In 2021, Arrazola et al. [43] realized a programmable nanophotonic chip. A rendering of the photonic processor is presented in Figure 2d. Four micro-ring resonators generated two-mode squeezed states, achieving large-photon-number event rates: with the four squeezers activated, the 4-photon detection rate reached, on average, 10,000 events per second, and the 19-photon an average rate of 0.3 events per second. An external computer ran custom-developed control software to operate the chip, which was programmable by means of a classical computer and python libraries, allowing dummy users to run remotely quantum algorithms directly on the device. To prove the quantum advantage of using this photonic hardware, the authors performed the boson-sampling algorithm, which was mapped to the calculation of molecular spectra. The chip was used for a proof-of-principle demonstration of the evaluation of the Franck–Condon spectra of ethylene and (E)–phenylvinylacetylene, without the need to evaluate the usual Franck–Condon factors, which represented a computational hard task [54].



A photonic quantum chip with 95 phase shifters and 355 optical components was realized by Chen et al. [55]. This chip represented a platform on which to study the quantum superposition of coherent multimode states—in particular, a generalized multipath wave–particle duality. The transition between the full-particle nature and full-wave nature was obtained for a classical mixture and a quantum superposition. One year later, the same group presented an advanced chip a quantum processing unit [45], that integrated all the necessary components to initialize, manipulate, and measure quantum-quart (ququart) states. It was composed of 451 photonic components, including 116 reconfigurable phase shifters, which could be directly addressed and controlled by using the co-integration technology of photonic and electronic circuits in silicon [see Figure 2e]. The authors proved that quantum computation based on a qudit of dimension d, together with integrated photonics, can increase quantum parallelism with reference to computational accuracy, capacity, and efficiency, compared to its counterpart of quantum computing based on qubits. Specifically, the computational capacity of a four-qubit processor can be equivalently achieved by a two-ququart quantum processor. Encoding each qudit in a dimension d, keeping the same number of photons, improves the detection rate of photons. Furthermore, computational efficiency and speed-up are enhanced by multiple-path interference.



One of the most complicated quantum-photonics devices, in terms of circuitry complexity and functionality, was realized in 2023 by Zheng et al. [46]. A multi-chip multidimensional quantum-entanglement network with retrievability was demonstrated by using silicon–photonic-hybrid-multiplexing technologies. The full spectrum of hybrid encoding and multiplexing devices was monolithically integrated on chips. Moreover, the scalability of integrated quantum devices, networking architecture, multi-mode fiber channels, and entanglement retrieving techniques was demonstrated and verified. Three pairs of three-dimensional entangled photons were distributed from the server chip to three node chips through three few-mode fibers. Then, a quantum-entanglement-retrieving algorithm was used to retrieve entanglement, and quantum tomography was performed. An average fidelity of 89.0% was obtained.



A 12-mode programmable photonic chip implementing arbitrary linear-optical transformations on 12 waveguides was used to simulate the unitary evolution of a global isolated system and to demonstrate that the initial state of a local subsystem evolves towards a state of maximum entropy—that is, to a thermal ensemble, due to entanglement with the other modes of the global system [56].



Boson sampling—Photonics systems have also been studied to achieve boson sampling, which is a good candidate for quantum supremacy. Since 2013, Spagnolo et al. [57] reported on the first experimental observation of three-photon interference in an integrated three-port directional coupler (tritter) realized by ultrafast-laser-writing waveguides in a borosilicate-glass substrate. The tritter made three photons interact simultaneously without having to decompose the process into cascaded two-mode interactions and phase shifters. In Ref. [38], a quantum-boson-sampling machine with a silica-on-silicon waveguide was reported. The integrated photonic circuit sampled the output distribution resulting from the nonclassical interference of three and four photons. A larger photonic chip for boson-sampling experiments was realized and reported in Ref. [58]. The authors reported on photonic-boson-sampling experiments in randomly designed integrated chips with 5, 7, 9, and 13 modes, which corresponded to 10, 35, 84, and 286 different no-collisions outputs. The waveguides were directly fabricated in the glass chip. In 2022, Madsen et al. [59] realized a programmable photonic processor, named Borealis, showing a quantum-computational advantage by carrying out Gaussian boson sampling on 216 squeezed entangled modes. By using the best classical resources available, it would take more than 9000 years, on average, to get a single sample output, whereas Borealis required only 36  μ  s . Among all the photonic demonstrations of quantum computational advantage, photonic or otherwise, Borealis uses the largest number of independent quantum systems. Recently, Ono et al. experimentally realized a universal bosonic quantum classifier of classical data [47]. Quantum classification has three main steps: encoding data into a quantum state, processing the state, and measuring. Then, a classification model is built, with the parameters characterizing the classifier. A bosonic system consisting of a three-layer two-mode circuit and a two-photon input state was fabricated. By training a part of the circuit, it was possible to classify points inside an elliptical boundary, with a success probability of (  94 ± 0.8  )%. Boson sampling, by its very nature, is a quantum algorithm, whose solution might not be efficiently verifiable. Indeed, any experimental instance approaching the regime of quantum advantage must be necessarily accompanied by appropriate evidence that the employed device is correctly performing the sampling process [20,60].



Quantum Key Distribution—Nowadays, security in exchanging encrypted messages is a crucial issue. QKD is a corroborated approach to generating a secret key at a distance in a secure way, because QKD relies on quantum mechanics laws and not on computational complexity. A fundamental step, in order to industrialize QKD systems, is miniaturization, with advantages in terms of mass production, low cost, simple stabilization in temperature, scalability, and compatibility with CMOS production. Sax et al. [61] realized an integrated QKD system at   2.5    G  Hz , which featured a polarization-independent receiver and precise state preparation. At a distance of   151.5    k  m  of standard single-mode fiber, a secure key rate of   1.3    k / s  was obtained, as well as a very low quantum-bit error rate,   0.9   %, at a distance of 202  k  m . The device consisted of an integrated silicon photonics chip, comprising a photonic integrated circuit of dimension    4.50  × 1.10    m  m 2     with an adjacent electronic-driver integrated circuit of    4.50  × 0.75    m  m 2    . The integrated circuits were then bounded and integrated into a small printed circuit board combined with a second, larger printed circuit board connected to all the electrical signals needed and to a computer-controlled FPGA (field-programmable gate array).




4. New Challenges for Quantum Photonics


Miniaturization—With the progress of chip complexity, researchers have had to face the unavoidable problem of miniaturization, which represents a significant challenge for quantum technologies. Zhang et al. [44] implemented a CNOT gate with a footprint of    4.8  × 4.45    μ  m 2     that corresponded to about ∼  3 λ × 3 λ  . The chip was realized with standard fabrication processes, and it was fully compatible with SOI waveguides. They used silicon-superlattice waveguides, and by choosing different core widths of the waveguides (the symmetry-breaking strategy) they could arrange very dense uncoupled waveguides. To prove the functionality of the chip, the authors measured the truth table of the CNOT gate, demonstrated the generation of the four Bell states, and performed quantum-process tomography with a fidelity result of (  92.5 ± 0.8  )%.



Optical elements—With the increase in integrated quantum photonics devices, researchers have been developing more efficient optical elements. For example, in 2021, Tasker et al. [62] interfaced CMOS silicon and germanium-on-silicon nanophotonics with integrated electronics, to realize a balanced homodyne detector with a bandwidth of   1.7    G  Hz  and shot noise limited up to 9  M  Hz . All the linear optics needed to realize the homodyne detector, useful for measuring squeezed states, were integrated on the chip [see Figure 3a]. To test the performance of the device, a continuous spectrum of squeezed light was measured from 100  M  Hz  to 9  G  Hz , and homodyne tomography was performed, to prove the ability of the chip to reconstruct quantum states. In 2023, Yu et al. [63] realized an on-chip electro-optic optical isolator with an achieved optical isolation of 48 dB. The optical isolator was tunable in wavelength from 1510 nm to 1630 nm, keeping an isolation larger than 37 dB. This element will help the integration of laser sources in photonics.



Encoding—Another approach to optimizing and increasing quantum resources is to exploit more available degrees of freedom. In this regard, in 2022, Feng et al. [64] realized the first multimode implementation of a 2-qubit quantum gate. They built a very compact CNOT gate with waveguides able to support two orthogonal transverse modes, in which the qubits were encoded. To prove the functionality of the device, two separate qubits were entangled, with an average fidelity of (  89 ± 2  )%. The idea, to enlarge the dimension of the suitable Hilbert space by means of further degrees of freedom, was also exploited by Cheng et al. in Ref. [65], who realized a SWAP gate by encoding the information in the two degrees of freedom: polarization and spatial momentum. The SWAP gate was engineered, concatenating three CNOT gates. An average fidelity of (  97.3 ± 0.3  )% of the output spatial-momentum states validated the single-qubit conversion from polarization qubit to spatial-momentum qubit. A process fidelity of (  94.9 ± 1.0  )% was achieved for the on-chip two-qubit SWAP operation, with a process purity of (  93.3 ± 1.0  )%.



Swapping between path and polarization degrees of freedom was also used for the first quantum photonic interconnection [66]. High-fidelity entanglement manipulation and distribution between two separate photonic chips was realized. Using on each chip a two-dimensional grating coupler, entangled states encoded in the path degree of freedom and generated on the chip were delivered to another chip by interconverting between polarization and path degrees of freedom.



Protocols—The possibilities offered by the new devices have opened the way to reconsidering schemes and protocols able to claim quantum supremacy. In this regard, graphs are discrete mathematical tools able to model quantum-mechanical devices and systems. An integrated graph-based quantum device, consisting of a synthetic two-dimensional   4 × 4   lattice, fully programmable, and made of reconfigurable linear-optical waveguide circuits and switchable nonlinear photon-pair sources, has been realized [48] [see Figure 3b]. The photon pair was generated using a nonlinear waveguide. It integrated 2446 components in total. The device could be schematized as eight vertex graphs: each path from one source to one detector of single photons represented a vertex, and each photon-pair source connecting two separate pathways represented an edge. The authors reconfigured the device to generate genuine multiphoton multidimensional entanglement, to manipulate and finally certify it.



Chen et al. realized a silicon photonic chip to generate and control four-photon Dicke states [67]. The indistinguishability of the photon pair emitted by the sources was characterized via a reverse Hong–Ou–Mandel experiment. High visibility for the    |   Ψ +   〉    and the    |   Φ −   〉    Bell’s states was measured, showing the high quality of spectral overlap and qubit entanglement. Moreover, it demonstrated the coherent control of two-photon Bell states. Then, four-photon Dicke states were generated, and quantum-state tomography was performed, obtaining average fidelity of (  82.3 ± 0.3  )%. These results show the high quality of the multiphoton sources. A signal enhancement of 7 dB was demonstrated by means of the inverse-weak-value amplification technique. It consisted of measuring the phase shift, with the signal amplified by the known spatial-phase front tilt. As the background noise was not increased, a 7 dB signal-to-noise ratio improvement was also shown. The Mach–Zehnder interferometer is built on-chip on a CMOS photonic platform, and all the elements of the chip are individually characterized. Weak-value amplification is embedded into measurement schemes that make use of linear-optics unitary transformations. Therefore, weak-value amplification does not have any advantage when the measurement is limited by the quantum nature of light—for example, the presence of shot noise, in the case of coherent beams. However, many times the information of the quantum state is covered by technical noises. In these cases, weak-value amplification allows, in principle, for distinguishing the states with a lower probability of error [68].




5. Conclusions and Outlook


The photonics community has taken extraordinary steps towards the milestone of realizing an on-chip quantum microprocessor. We have highlighted the main results in this area and have indicated the new challenges for developing a standalone quantum computer based on integrated photonics. The number of components doubles approximately every year [see Figure 4], which appears to be twice the Moore’s law for electronic integrated circuits [69]. The dependence and performance of computational tasks on the dimension of space and circuit elements was analyzed in Ref. [70]. Other open challenges for the achievements of the milestone have not been discussed: the realization of sources and detectors on chip for a standalone integrated photonic quantum device, and the coupling and control of the degrees of freedom of guided light by using nanomaterials. Indeed, much effort is still needed to fully integrate in only one chip photonic processors with sources and detectors. A photon source interfaced with a programmable integrated circuit has been recently achieved [71]. The compatibility of the CMOS fabrication processes will boost the fabrication of much larger programmable photonic processors with more qubits, able to implement more complex algorithms. Although improvements in the fabrication processes have brought to the achievement of quantum interference near-unity visibility and qubit operation with extremely low error [33,52], fabrication errors and variability may arise when the production is extended to full-silicon-wafer scale. These might be mitigated by the demonstrated high programmability of the recent photonic processors assisted by classical algorithms.
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The following abbreviations are used in this manuscript:



	CMOS
	complementary metal–oxide semiconductor



	CNOT
	controlled NOT



	FPGA
	field-programmable gate array



	KLM
	Knill–Laflamme–Milburn



	LOQC
	linear-optics quantum computation



	MMI
	multimode interferometer



	QKD
	quantum key distribution



	SOI
	silicon-on-insulator
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Figure 1. Advancement and milestones reached in the field in the last decade. The achievements until 2018 are partially taken from Ref. [20] (red fonts). Starting from 2013, the following results and milestones have been achieved: demonstrations of boson sampling with multiple photons [34,35,36,37,38]; the first integration of spontaneous four-wave mixing sources with quantum circuits [33]; demonstration of universal linear-optic circuit [39]; test of Grover’s search algorithm [40]; test of quantum-Hamiltonian-learning algorithm [41]; large-scale quantum circuits in silicon [42]; programmable chip [43]; supercompact quantum gate [44]; on-chip single-photon detector [16]; silicon programmable qudit processor [45]; chip-based entanglement network [46]; universal quantum classifier [47]; and photonic circuit with 2446 components [48]. 
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Figure 2. (a) Scheme of the universal linear-optical processor realized by Carolan et al. [39]. From [39], reprinted with permission from AAAS. (b) Programmable nanophotonic processor realized by Harris et al. [52]. From [52], Springer Nature. (c) Photograph of the quantum photonic chip realized by Wang et al. [42]. From [42], reprinted with permission from AAAS. (d) Rendering of the chip realized by Arrazola et al. in Ref. [43], showing fiber-optical inputs and outputs and on-chip modules for coherent pump-power distribution, squeezing, pump filtering and programmable linear-optical transformations. From [43], Springer Nature. (e) A microscopy image of the d-QPU chip realized by Chi et al. [45]. It monolithically integrated 451 optical components. From [45], under a Creative Commons license (https://creativecommons.org/licenses/by/4.0/, accessed on 8 August 2023). 
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Figure 3. (a) Illustration and photograph of the homodyne detector device mounted onto a PCB [62]. From [62], Springer Nature. (b) Photograph for the quantum device of Ref. [48] in a 200  m  m  silicon-on-insulator wafer, fabricated by CMOS processes. The white dashed box refers to a single copy of the device. Panel reproduced from Ref. [48], under a Creative Commons license (https://creativecommons.org/licenses/by/4.0/, accessed on 28 July 2023). 
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Figure 4. Evolution of the number of components in photonic chips through the years. The red dots represent the number of integrated optical elements claimed in Refs. [33,42,52,72,73], already discussed in Ref. [20], and the red-dashed line indicates a double number of components every 9 months. The blue squares indicate the new results published in Refs. [45,48], which increase slightly the doubling time to approximately 13 months. 
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Box 1—Quantum Interference and LOQC CNOT gate
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two waveguides is close enough such that the field in the waveguides is evanes-
cently coupled [panel (a) shows a simulation of a directional coupler]. The
MMI instead works based on the interference of many spatial modes propa-
gating into the devices [panel (b) shows a simulation of an MMI]. Changing
the geometrical parameters is possible, to tune the splitting ratio ot the devices.

A CNOT gate can be realized using only linear optics (directional couplers or
MMI) [22,23]. The quantum interference between two photons is the working
principle of the CNOT gate: when two indistinguishable photons meet at the
interface of a balanced beam splitter, the probability of both photons being re-
flected and transmitted cancels out. An example of CNOT using directional cou-
plers is shown in panel (c). The qubits are encoded in the waveguide paths:
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(Cx, Cy) and (Ty, Ty) indicate the input and output waveguides used for en-
coding the control and target qubits, respectively, corresponding to the logical
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