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Abstract
  As a key component for future photonic neuromorphic computing, optoelectronic synapse integrated with photo-electric effect and synaptic plasticity has attracted considerable attention. Nevertheless, it remains a great challenge for ultrawide bandgap semiconductors to implement the various functions at a single device level. Herein, self-supporting poly-crystal diamond with twin crystal feature is prepared by microwave plasma chemical vapor deposition (MPCVD), which shows a broad absorption ranges from near infrared (IR) region to deep ultraviolet (UV) region. Then, we demonstrate a two-terminal optoelectronic synaptic device based on the poly-crystal diamond to incorporate persistent photoconductive (PPC) behavior into optoelectronic synapse. The inherent photosensitive memory nature is derived from the PPC effect induced by abundant defects including grain boundary, color center, C vacancy, and non-diamond phase, which successfully mimics the dynamics of biological synapses. More importantly, the intentionally introduced N related deep levels contribute to the longevity of the photo-excited carriers, offering a robust non volatile photo-switch in a diamond device. The diamond synapse realizes a maximum paired pulse facilitation (PPF) index of 174% and effectively imitate the learning-forgetting-relearning behavior of human brain. Moreover, an encryption strategy is proposed inspired by the synaptic device, which offers a new way to improve the security in optical communication. The proposed diamond optoelectronic synaptic device holds profound potential in next generation artificial neuromorphic computing and security communication.









1. Introduction
Modern information technology promoted by big data, artificial intelligence (AI), and Internet of things (IoT) brings a big challenge to the computing units based on semiconductor integrated circuits. Conventional computing system adopting von Neumann architecture is separately connected by sensor, memory, and processor, which will struggle to meet the exponential demand of the intelligent computing with low energy consumption[1,2]. As the Moore’s law goes to its limit, this physical partition undoubtedly leads to extremely high energy consumption in ultra-large scale computing, thus developing a new computing architecture is crucial for confronting such big challenge. Inspired by human brain with the most efficient biological processor, artificial synapse induced neuromorphic computing has emerged as one promising solution to overcome the von Neumann bottleneck by mimicking the behaviors between biological synapses[3,4]. Biologically, a human brain composes of ~1011 neurons connected via ~1015 synapses, and the transfer of information is enabled by such a huge scale synapses[5]. Therefore, efforts in terms of neuromorphic operation have been proposed based on numerous nonvolatile memristors work at ferroelectronic[6], phase-change[7], and photosensitive[8-10] mechanisms. Among them, optoelectronic synaptic devices show numerous advantages including wide bandwidth, good interconnect with negligible RC delay and power loss, capable to visual sensing, signal processing, and memory, thus efforts and hotspots have been devoted to its exploration during past few years[11,12]. 
Optoelectronic synaptic devices can be mainly categorized into three types including optically stimulated synaptic device, synaptic device with optical output, and optically assisted synaptic device[2]. The basic functionalities such as short-term plasticity/memory (STP/STM), long-term plasticity/memory (STP/STM), and paired pulse facilitation (PPF) strongly rely on the the memristive characteristic of the materials. To date, a great number of materials including the emerging perovskites[13-15], two-dimensional (2D) materials[16-18], and conventional semiconductors[19-26] have been proposed for fabricating optoelectronic synaptic devices. Though new scientific findings have constantly been observed on the emerging pervoskites and 2D materials, the conventional semiconductors are more stable and have more potential in future applications owing to their good compatibility with microelectronic crafts. Among conventional semiconductors, the fourth generation semiconductors (or ultrawide bandgap semiconductors) like Ga2O3 and diamond have attracted significant attentions from both academia and industry because of their immature but promising marketization. And definitely, diamond has the unique advantage with the topmost thermal conductivity (~2200 W/m·K)[27] in the world, which is far higher than that of Ga2O3 (10 ~ 30 W/m·K)[28]. The excellent thermal performance is crucial in ultra-large scale computation, which can rapidly realize heat dissipation and greatly reduce the power consumption. In addition, as a semiconductor built with only one element C, the defect category in diamond is much simpler than that in compound semiconductors and alloy semiconductors. More importantly, deep or even ultra-deep levels can be easily introduced owing to the ultrawide bandgap nature of diamond, which is the key for fabricating a non-volatile photo-switch manipulated by sub-bandgap illumination[29]. In diamond, the normally observed nitrogen relevant deep levels fall within the range from 1.7 to 2.2 eV[30], which bring long turn-ON and turn-OFF durations within the optical activation. And theoretically, the ionized time constant is tightly relevant to the electron capture cross-section and energy level of the deep defects. Thus, the intentionally introduced deep levels is a good way toward the longevity of the non-volatile OFF-state while the report is still rare in diamond. 
In this study, a device architecture based on nitrogen doped poly-crystal diamond with two symmetry ITO electrodes has been proposed as an optoelectronic synaptic device, by which a new type of encrypted optical communication is simultaneously demonstrated. The PPC effect introduced by deep-level defects like grain boundary, NV color center, C vacancy is accounting for the resistance memorized characteristic, which can be utilized to mimic the information transfer from pre-synapse to post-synapse. The proposed optoelectronic synaptic device demonstrates multifunctional synaptic plasticities including paired pulse facilitation (PPF), short-term memory (STM), long-term memory (LTM), and the transition between STM and LTM, as well as the learning-memory behavior under a 405 nm light operation. More interestingly, the diamond device offers a new type of confidential encryption strategy in optical communication system through exploiting the synaptic characteristic. Our studies not only broaden the application of ultrawide bandgap semiconductor diamond toward the domain of the future neuromorphic computing, but also brings a potential avenue for information encryption in optical communication.




























2. Results and Discussion
[image: Figure 2-TEM-2]
Figure 1. a) The side-view STEM image of the poly-crystal diamond; b) Atomic configuration model of the twinned part; d) The HRTEM image from the twinned part indicated by the dashed frame in Figure 1a; The HRTEM images from the c) left part and e) right part (indicated by the dashed frames in Figure 1d) of the twinned boundary; f) The FFT pattern from the region indicated in Figure 1c; g) The SAED pattern from the twinned part; h) The FFT pattern from the region indicated in Figure 1e; i) Atomic intensity profiles from HRTEM images along the (111) direction from Figure 1c and 1e. 

The morphology of the as-prepared diamond sample is presented in Figure S1a, and two representative crystals are selected and shown in Figure S1b. Apparently, numbers of crystals with standard prismatic shape can be observed, which clarifies the poly-crystal feature of the sample. Their sizes range from 30 to 120 μm (inset of Figure S1a). One typical crystal (Figure S1c) is selected for the EDS mapping investigation, and corresponding signals (Figure S1d-f) from C, O, and N elements uniformly distribute in the crystal. The EDS spectrum provided in Figure S2 further confirms the existence of N and O, and 8 randomly spots (Table S1) from the sample’s surface are selected to evaluate their concentration. One main reason of the high O concentration originates from the surface absorbed Oxygen, which is normally probed in poly-crystal diamond and nanodiamond with abundant surfaces and grain boundaries[31,32], while N is intentionally introduced for producing deep-level defects. The XPS measurement (Figure S3a) further confirms the surface absorbed Oxygen, and the O-1s signal (Figure S3b) dramatically decays as the sample is etched by Ar+ gun, by which the contaminated surface is cleaned. By contrast, the N-1s signal (Figure S3c) is independent to the etched time. Additionally, the valence band scanning spectra (Figure S3d) of the as-prepared and etched sample verify the Fermi levels of 2.82 ~ 2.91 eV with respect to the valence band maximum (VBM). Before the measurement of transmission electron microscopy (TEM), focused ion beam (FIB) technique is used to prepare the sample and Figure S4 presents the preparation processes. As shown in Figure 1a, one diamond crystal with twin crystal feature is presented, in which the conductive layer (Au/C/W stacked layers) is used for avoiding the charge accumulation during the measurement. The angles between the left (right) bevel and the twinned boundary is measured as 71.6o (74.3o). From the ideal atomic configuration model of the twinned part (Figure 1b), this value should be ~70.5o[33,34] and the deviation maybe owing to several factors including stress or different atomic stacking rate during the deposition. Electron back scatter diffraction (EBSD) maps from the twin crystal (Figure S5-6) region also confirms two subgrains belong to the same crystal phase and the symmetric orientation in relative to the grain boundary. The high resolution transmission electron microscopy (HRTEM) from the twinned part (indicated by the dashed frame in Figure 1a) is further chosen for clarifying the micro-structure. As shown in Figures 1c and 1e, both left and right crystals show good single crystal nature with excellent ordered atomic arrangements. From their fast Fourier transform (FFT) patterns presented in Figure 1f and 1h, excellent single crystal nature with clear diffraction spots and symmetric orientation is determined. However, distinct defects (Figure 1d) such as dislocation and grain boundary can be observed within the region between the left and right single crystals. The selected area electron diffraction (SAED) pattern (Figure 1g) from the twinned part exhibits two sets of lattice spots, which in good agreement with the diffraction spots (Figure 1f and 1h) from two separated parts. In addition, all the crystal directions are confirmed by comparing the standard spots derived from diffraction database (Figure S7). Furthermore, ten periodic interplanar distances along the (111) facets from two sides of grain boundary are illustrated in Figure 1i, from which the inter-layer spacings of 2.086 Å and 2.07 Å are calculated, agreeing well with previous reports[35,36]. 
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Figure 2. The a) XRD pattern, b) thermogravimetric analysis curve, c) temperature-dependent specific heat capacity, d) absorption spectrum, e) temperature-dependent PL spectra, and f) energy band model of the poly-crystal diamond; The g) typical Raman spectrum of the poly-crystal diamond, inset is the statistical histogram of the Raman shift; h) The temperature-dependent Raman spectra of the NV0 related phonon; i) The intensity of the NV0 Raman peak as a function of temperature. 

The crystalline property of the poly-crystal diamond is studied by XRD and shown in Figure 2a. Three strong peaks located at 43.9o, 75.3o, and 91.55o, and one weak peak centered at 119.7o (inset) are detected. These peaks can be assigned to the diffraction signals from (111), (220), (311), and (400) facets (PDF #06-0675). The (111), (220), and (311) peaks can be further fitted with two Guassian peaks (Figure S8a) because of the wavelength difference between Kα1 and Kα2 lines. Therefore, the full width at half maximums (FWHMs) of the Kα1 peaks are determined as 0.06o (111), 0.09o (220), and 0.15o (311), indicating the different crystal sizes corresponding to the exposed facets. Apparently, the intensity of the (111) peak (Figure S8b) is much stronger than that of other peaks, which is owing to the preferential alignment of (111) plane induced by the lowest surface energy. Correspondingly, the lattice-a constant can be calculated by the Bragg's Law (2dsinθ = nλ) and confirmed as 0.3568 nm, which closes to the ideal value of the single crystal diamond[37,38]. In addition, a weak XRD signal located at ~32.7o (Figure S8c) originated from the non-diamond graphite phase[39] can also be probed. The thermogravimetric analysis (TGA) at Argon atmosphere is used to study the stability of the poly-crystal diamond and the result is provided in Figure 2b, the heating rate is set as 10 oC/min (Figure S8d). A small amount (0.34%) of mass loss is probed when the sample is heated to 1100 oC. Owing to the poly-crystal nature of the sample, abundant surfaces and interfaces exist, thus adsorbed Oxygen is naturally expected as the sample exposes to air environment. As the temperature increases, degassing constantly occurs at the inert atmosphere and leads to the mass loss. This finding can be indirectly demonstrated by the XPS study on O-1s signals with different etched times. The specific heat capacity of the poly-crystal diamond is exhibited in Figure 2c, which monotonically increases with the increase of temperature. The specific heat capacity at room temperature is tested as 0.64 J/g·oC, and that enhances to 1.64 J/g·oC at 500 oC, which agrees well with previous report on diamond powders with similar crystal size[40]. Figure 2d presents the absorption spectrum of the poly-crystal diamond. A broad absorbed band ranges from the infrared (1700 nm) to the deep UV (200 nm) regions, which is quite different from the sharp deep UV (~220 nm) absorption edge observed in single crystal diamond[41,42]. The onset of absorption at 0.78 eV can be attributed to the π to π states introduced into the bandgap by the high concentration of bonded carbon at the grain boundaries[43,44], and the broad below-gap absorption indicates numerous defect levels. The temperature-dependent PL spectra of the poly-crystal diamond is presented in Figure 2e, from which 10 distinct PL peaks (denoted as A to J lines) measured at 50 K are clearly observed. According to previous reports observed by Subedi[45] and Wang[46], A line (1.617 eV), B line (1.654 eV), and C line (1.681 eV) are normally attributed to the zero phonon line GR1 associated with neutral monovacancy of the carbon atom. D line (2.0 eV) and G line (2.154 eV) are associated to the color center from the nitrogen-vacancy complexes (N-V)0 and (N-V)-, respectively[47]. H line (2.38 eV), I line (2.59 eV), and J line (2.83 eV) are originated from the surface trapped levels associated to the COOH, C-O-C, and C=O functional groups[48]. While the E line (2.066 eV) and F line (2.11 eV) are not clearly understood yet[47]. The existence of these levels also agree well with the VBM scanning results presented in Figure S3d, from which the Fermi level relative to the VBM is closed to the deepest level (J line). Therefore, the energy band model of the poly-crystal diamond can be empirically summarized in Figure 2f. Consequently, numerous deep defect levels located in the forbidden gap, which will play as trapped centers. In addition, owing to the strengthening of thermal disturbance, most of peaks gradually disappear as the temperature increases to room temperature. Only two strong bands (C and G lines) can still be observed even at 295 K, and the temperature-dependent photon energies and intensities of two bands are summarized in Figure S9. The Raman spectrum of the poly-crystal sample is provided in Figure 2g, the strong and sharp peak at 1331 cm-1 is originated from the zone-center optical phonon with Γ(25)(F2g) symmetry[49]. This signal is relevant to the C-sp3 characteristic in diamond and scattered at the Brillouin zone center. Furthermore, 40 different regions on the sample are studied and the statistical result is presented in the inset of Figure 2g, the Raman shift ranges from 1328 to 1332.5 cm-1. In addition, a broad shoulder peak centered at 1425 cm-1 is also detected, which can be attributed to the phonon scattering associated with nitrogen-vacancy complex in neutral charge state (NV0)[50,51]. The FWHM of the Raman peak normally indicates the crystal quality. As depicted in Figure S8f, the FWHMs of all peaks range from 5.5 to 9 cm-1. This is quite different from the study on the single crystal diamond (only ~1.6 cm-1)[52], the fluctuation in Raman shift and the large FWHM further confirm the low quality of the diamond which directly grows on the large lattice mismatch Si substrate. The temperature-dependent stability of NV0 is further analyzed and presented in Figure 2h. The Raman signal of ~1425 cm-1 attenuates distinctly with the increase of temperature and nearly disappear at 210 oC. As summarized in Figure 2i, the temperature-intensity curve can be well fitted with a single exponential decay function. This indicates the NV0 maybe repaired during the high temperature, which will be systematically studied in future.
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Figure 3. a) The I-V curve of the ITO-Diamond-ITO device under dark, inset is the schematic diagram of the device; b) The I-V characteristics of the ITO-Diamond-ITO 
device under dark and 405 nm light illumination; c) The I-t curves of the ITO-Diamond-ITO device illuminated with different lights (405 nm, 520 nm, 635 nm); d) The normalized I-t curve of the device illuminated by 405 nm light; e) The schematic illustration of the pulse-stimulated artificial synapse and f) corresponding schematic diagram of the information transfer between biological synapses.

 The I-V curves of the ITO-Diamond-ITO device under dark and 405 nm illumination are shown in Figure 3a (inset is the device structure) and Figure S10. A linear relationship between the applied voltage and current is determined, indicating the Ohmic contact behavior between ITO and diamond. At 5 V, the device presents distinct response (Figure 3b) to the 405 nm laser light (light density: 196.2 mW/cm2), the ratio between the photocurrent and dark current is more than an order of magnitude. The resistance switch between HRS and LRS is controlled by the status of the illuminated laser. The wavelength-dependent I-t curves are also measured for studying the photoresponse to the lights with different photon energies. As indicated in Figure 3c, purple (405 nm), green (520 nm), and red (635 nm) lasers with the same light density are introduced. Apparently, the response to the purple laser is much stronger than that to the green and red lasers. The tendency agrees well with the absorption spectrum shown in Figure 2d, the absorption curve shows a maximum coefficient at ~400 nm. In addition, as the laser is off, PPC effect is clearly observed and the recovery persists for a long time. Figure 3(d) further presents the recovery behavior of the device upon 405 nm light illumination. The recovery time from the maximum current to the initial state is as long as 4426 s, meaning a robust nonvolatile performance. The decay trace can be fitted by a double-exponential equation:[53]

		(1)
where A an d B are constants corresponding to the initial fast and slow decay magnitudes, τ1 and τ2 are the relaxation times of fast and slow release of the trapped charges, respectively. The parameters τ1 and τ2 are fitted as 87 s and 353 s, respectively. Different from the I-t curves probed on diamond photodetectors[54,55], in which the photocurrent can both rapidly reach to the maximum value and recovery to the initial state. However, in our diamond device, the slow rise and decay of the photocurrent agree well with the PPC effect in a photoconductor[57]. As previously reported, various defects such as NV color center, C vacancies, grain boundaries, and non-diamond phases can responsible to the PPC effect for visible light response in poly-crystal diamond[57-60]. Obviously, as also discussed above, the signals from NV color center and C vacancy are probed in the PL spectra (Figure 2e), and the grain boundaries and the non-diamond graphite phase are observed by the SEM and XRD measurements, respectively. Additionally, surface states introduced by the functional groups are also confirmed in our sample. Thus, defect levels within the forbidden gap act as the trap of photo-generated carriers, which can greatly prolong their life time. Figure 2f indicates that most of the defect levels locate at the lower half of the bandgap, acting as deep acceptor-like levels. When the illumination is off, the detrapping of holes is a slow process, thus ultralong carriers storage is naturally expected. Owing to the excellent nonvolatile conductance, the ITO-Diamond-ITO photodetector can be employed as an artificial synaptic device to mimic the transmission of electrical signals between neurons. As presented in Figure 3e, the ITO-Diamond-ITO device is stimulated through modulating the laser pulse, then spike-like photocurrent produces. This is similar to the transfer of electrical signal between two neurons (Figure 3f), the excitatory post-synaptic current (EPSC) is induced by the pre-synapse and then released to the post-synapse. The connection strength between two neurons decides the amplitude of the EPSC[61].
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Figure 4. a) The EPSC amplitude excited by 405 nm laser light (voltage: 5 V, pulse width: 5 s) with different light densities; b) The EPSC amplitude excited by 405 nm laser light (pulse width: 5 s, light density: 196.2 mW/cm2) measured at different reading voltages; c) The EPSC amplitude excited by 405 nm laser light (voltage: 5 V, light density: 196.2 mW/cm2) with different pulse widths; d) The EPSC amplitude at 5 V (pulse width: 5 s, light density: 196.2 mW/cm2) in response to 20 optical pulse stimuli with different pulse intervals; e) The EPSC amplitude at 5 V (pulse width: 5 s, light density: 196.2 mW/cm2) stimulated by paired optical pulses; f) The PPF index (pulse width: 5 s, light density: 196.2 mW/cm2) varies with different pulse intervals from 1 to 600 s and its fitting curve.

Biologically, larger EPSC amplitude (ΔEPSC) indicates stronger connection between pre-synaptic neuron and post-synaptic neuron. For an artificial optoelectronic synaptic device, several ways including strengthening the excited light density, enhancing the reading voltage, and prolonging the excited time can be employed to realize such goal. As presented in Figure 4a, the enhancement of the light density (wavelength: 405 nm, voltage: 5 V, pulse width: 5 s) from 43.3 to 381.9 mW/cm2 can greatly contribute to the increase of photocurrent because of the multiplication of the incident photons. The EPSC amplitude (net photocurrent) can be expressed as a function of the light density[62]:

  	                            (2)
where ΔEPSC is the EPSC amplitude (or net photocurrent) and P is the incident light density. As indicated in Figure S11a, the index of the power law α is calculated to be 1.4, indicating a complex photocurrent gain process during the interaction between diamond and photons. Figure 4b exhibits the reading voltage-dependent EPSC amplitude, in which the synapse device is excited with a single pulse (wavelength: 405 nm, pulse width: 5 s, light density: 196.2 mW/cm2). Apparently, higher reading voltage can naturally contribute to stronger net photocurrent and longer decay time. As summarized in Figure S11b, the EPSC amplitude is linearly depending on the reading voltage. Figure 4c shows the EPSC amplitude stimulated by one single pulse with different pulse widths (wavelength: 405 nm, voltage: 5 V, light density: 196.2 mW/cm2). Similarly, as longer triggered duration is applied on the diamond device, more photogenerated carriers are produced and subsequently the EPSC amplitude continuously increases. Additionally, a linear relationship between EPSC amplitude and pulse width is also observed (Figure S11c). Therefore, the ITO/Diamond/ITO structure can be utilized as an optoelectronic synaptic device for imitating the behavior from STM and LTM through controlling the light density, reading voltage, and triggered pulse width, and the converted process confirms the synaptic plasticity. Optical stimuli at different pulse intervals (pulse width: 5 s) with twenty pulses are presented in Figure 4d, and the relationship between EPSC amplitude and pulse number is summarized in Figure S11d. Obviously, under one certain excited pulse with the same pulse duration, the EPSC amplitude continuously enhances as the pulse number increases. In addition, the maximum EPSC amplitude after twenty pulse stimuli can be manipulated by the pulse interval between two adjacent stimuli. Shorter pulse interval naturally induces a higher start point when next stimulus comes. Physiologically, re-learning period should be shorten in order to reduce the forgetting effect. So, as summarized in Figure S11d, the maximum EPSC amplitude with pulse interval of 10 s after twenty stimuli reaches to 75 nA, while that with pulse interval of 60 s is only 34 nA. Paired pulse facilitation (PPF) index, which refers to a biological phenomenon of a pair of consecutive stimuli on the post-neuron, where the second stimulus can immediately strengthen the postsynaptic current. As imitated by the diamond optoelectronic synaptic device, the PPF index is expressed as the ratio of photocurrents between two adjacent stimuli[62]: 

	                        (3)
where A1 and A2 are the photocurrent induced by the first optical pulse and the second optical pulse, respectively. As indicated in Figure 4e, under the paired optical stimuli (wavelength: 405 nm, voltage: 5 V, pulse width: 5 s, light density: 196.2 mW/cm2), the EPSC amplitude induced by the second stimulus is much stronger than that induced by the first stimulus. That is because of the non-volatile characteristic of the optoelectronic synaptic device, the decay of EPSC lasts for a long time. Figure 4f summarizes the relationship between the PPF index and the optical interval, the shorter interval means the faster re-stimulus, which can naturally enhances the PPF index. The high PPF index normally indicates strong synaptic connectivity, outstanding regulated ability, and wide-range adaptability. As the optical pulse interval is 5 s, the PPF index reaches to 174% and it continuously decays with the decrease of the optical interval. The PPF index can be fitted by a double exponential decay equation[62]:      

	(4)
where C1 and C2 are the initial promotion amplitudes, and τ1 and τ2 are characteristic relaxation times of the rapid and slow decay. As the first stimulus is stopped, the trapped holes will be released. If the interval time is short, larger ESPC can be obtained because of the high concentration of residual carriers brought by the first stimulus. In our diamond optoelectronic synaptic device, τ1 and τ2 are fitted as 8 s and 810 s, indicating the excellent memristive performance.

[image: Figure 7-4]
Figure 5. a) Imitation of learning-forgetting-relearning processes with the diamond optoelectronic synaptic device; b) The schematic diagram of the laser communication system based on the diamond optoelectronic synaptic device; c) The sketch map of optical pulses with different widths which represent Morse code symbols (line and dot); d) The I-t curve of the received signal is decoded by Morse code at the threshold value of 12.5 nA. 
   Generally, learning-forgetting-relearning processes are the fundamental characteristics of a human brain, and these processes can be effectively trained with our diamond optoelectronic synaptic device. As presented in Figure 5a, 30 stimuli (wavelength: 405 nm, voltage: 5 V, pulse width: 5 s, light density: 196.2 mW/cm2) are first used for the learning process and the synaptic weight increases from 0% to 100%. After that, the stimulus is stopped and the synaptic weight continuously decays from 100% to 40% with a long forgetting time of 900 s, meaning a naturally loss of memory in human brain. However, if re-stimuli are operated when the information has not been completely forgotten, only 18 stimuli are required for recovering the memory from 40% to 100%. Similar to the human learning behavior, one does not need such a long time as that for the first memorized process when he/she reviews the knowledge. Taking the learning of classical poetry as an example, the contents are easily to be forgotten after the first reading. However, the memory can be solidly remembered if someone usually re-reads the poetry, the re-stimuli can effectively transfer the STM to the LTM. A novel encryption method for optical communication is also designed based on the diamond optoelectronic synaptic device, in which three main components including sender (laser), transmission medium (free space), and receiver (diamond synapse device) are composed in the communication system[63]. Different from the optical-fiber communication, the visible laser communication system with divergent propagation of light in free space is featured with advantages including high-security, high-speed, low-consumption, and immunity of electromagnetic interference[64]. In Figure 5b, the schematic diagram of the laser communication system is presented, where a 405 nm laser with light density of 196.2 mW/cm2 plays as the information carrier and the diamond optoelectronic synaptic device acts as the receiver. At the beginning, the information is encrypted through modulating the emission signal from the laser, and the light-wave attached with specific secret propagates through the air medium and then detected by the diamond optoelectronic synaptic device at 5 V. In this case, the detected electrical signal is decoded with a predetermined way, the message decryption is not only relevant to the encoded approaches but also involved to the extra conditions. As shown in Figure 5c, Morse code is adopted to encode the message, three sequential optical signals (pulse width = 10 s) with interval of 30 s is set as a sign of “start”. Then, optical outputs with pulse widths of 20 s and 30 s represent as the symbols line “－” and dot “·”, respectively. Owing to the LTP property of the device, the decay of EPSC to a specific value is controlled as the threshold value, corresponding to one attached requirement of the predetermined decoded way. Thus, the received waveform can be decoded into different messages by checking the threshold value, which greatly strengthens the confidentiality and security of the communication system. As shown in Figure 5d, when the decoder confirms the threshold value of 12.5 nA, symbols of “－－－”, “·－·－”, “·－”, and “－－·” can be successfully decoded into the letters of “D”, “G”, “U”, and “T”, respectively. The whole process adds a lock on the received waveform, the accurate message can be decoded only if the interceptor knows the right key. In future, the enhancement of confidentiality can be further strengthened with additional thresholds through partitioning different recovery times. 

3. Conclusion
In summary, a two-terminal device based on poly-crystal diamond with two symmetry ITO electrodes has been proposed, which integrates multiple functions containing optical sensing, synaptic features, and security optical communication. The fundamental properties of the as-prepared poly-crystal diamond are systematically studied, which verifies abundant defects such as grain boundary, NV color center, C vacancy, and graphite phase. The deep trapped levels bring a PPC behavior, which is regarded as the origin of photosensitive memristor and synaptic functions.   Subsequently, emergence of synaptic plasticities including STP (STM), LTP (LTM), and PPF features, as well as learning-forgetting behavior have been successfully demonstrated. This underscores the importance of harnessing the below gap absorption capabilities of the poly-crystal diamond in the design of optoelectronic synapse. Finally, an encryption strategy is proposed which capitalizes on the synaptic functions, providing a new way toward the security of optical communication.

4. Experimental Section
Preparation of Poly-crystal Diamond: The poly-crystal diamond film was grown on 2-inch Si (100) substrate using a microwave plasma chemical vapor deposition (MPCVD, UNIPLASMA Co. Ltd., UP-510) system. The Si substrate was placed on a tray which locates inside the chamber. During the growth, the flow rates of hydrogen, methane, nitrogen, and oxygen were set as 500, 25, 100, and 50 sccm, respectively. The microwave power was maintained at 5000 W and the grown temperature was 850 oC. The thickness of the as-grown poly-crystal diamond film layer was measured as ~340 μm. After the deposition, the Si substrate was completely etched with acid solution (HF + HNO3), then a free-standing poly-crystal diamond sample was obtained.
Characterizations: The crystal nature of the as-prepared diamond sample was measured by X-ray diffraction (XRD) equipped with Cu target (Kα line of 0.154 nm). Wide range absorption spectrum from 1700 nm to 200 nm was tested in order to clarify the absorption property of the as-prepared diamond sample. Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were employed to study the thermal characteristics. The temperature-dependent PL spectra were measured with a 325 nm laser as excited source. The phonon vibration of the as-prepared diamond sample was investigated by temperature-dependent Raman spectra with 633 nm laser as excitation. The chemical states of different elements were studied by X-ray photoelectron spectroscopy (XPS) and energy dispersive spectroscopy (EDS). The microstructure of the as-prepared diamond sample was investigated by transmission electron microscope (TEM), high resolution TEM (HRTEM), and selected area electron diffraction (SAED), and the cross-sectional lamella was fabricated by focused ion beam (FIB).
Device Fabrication and Measurements: The ITO-Diamond-ITO structural device was fabricated through a simple electrode deposition process. Symmetric ITO electrode pair was pulse laser deposited onto the surface of the poly-crystal diamond with a hard mask. The thickness of the ITO was ~50 nm, and the channel width between two ITO electrodes was 50 μm. During the measurement of the optoelectronic synaptic characteristics, 405, 520, and 635 nm lasers with tunable optical densities were adopted as optical sources, the semiconductor source meter was employed to supply the bias and collect the photo-generated electrical signals. During the laser communication experiment, only 405 nm laser was used.
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