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Abstract
[bookmark: _Hlk27752655]We report a novel versatile method to write charged areas on diamond, specifically diamond nanowire (DNW) surfaces by an atomic force microscopy (AFM) tip. Transmission electron microscopy (TEM) investigations revealed the existence of abundant plate-like diamond aggregates, which were encased with few graphite layers, forming nano-sized diamond-graphite composites (DGCs) on DNW surfaces. These DGCs are the main feature, which act as the charge-trapping centers and help to store the electrostatic charges. A hydrogenation process has been observed effectively enhancing the charge-trapping properties of these DNW materials. The effective charge trapping properties with hydrogenation is mainly ascribed to the disintegration of the DGCs into smaller pieces with an overall increase in the metallic nanographitic phase fractions in a dielectric diamond matrix. Moreover, the written charge on the surface can be easily modified/re-written or completely erased, thus can find its application in diamond based re-writable electronic devices. However, excessive hydrogenation degrades the charge-trapping properties, which is attributed to the etching of the DGCs from the surface. This study demonstrates the potential importance of a simple hydrogenation process on the effective electrostatic charge trapping/storing for diamond related nanocarbon materials and the role of DGCs as a strategy to further enhance it.


1. Introduction:
The Manipulation, and storage of electrostatic charge are currently the main concern in the field of nanoscience because of their direct applicability towards energy harvesting.1˗4 The electrostatic charging concept is used for the wetting of plastics for painting, for printers and copiers for toner positioning on paper,5 in memory devices, manipulation of transport properties of field-effect transistors6 and for creating self-assembly of micro and nanosized particles on insulating materials7. The basic elementary processes such as the control over the electrostatic charge, electrification techniques, and solution for the effective charge relaxation techniques can be successfully explained by properly understanding the nature of the electrostatic charging. Different methods [e.g., focused ion beam,8 electron beam,9 nanoimprinting10 and soft lithography-based techniques11-18 have been adopted for sequential charge writing. However, all the techniques mentioned above are costly, time consuming and require a master template for further processing.17,18 Comparing with all those techniques, electrostatic charge writing by an AFM tip is cost-effective and simple.
Further, charge injection into dielectric materials by contact electrification is of great scientific interest for developing devices, including triboelectric nanogenerators for building self-powered portable electronics, large-scale energy harvesting, and data storage devices.19 This effect has also been utilized for a variety of other purposes (e.g., painting20, 21, particle separation22, and mechanical energy harvesting23, 24). All these processes use contact electrification-induced charges (i.e tribo˗charges) as the source to generate electricity from mechanical energy via impact25, sliding26, 27, and rotation28. For better performance, transferring and sustaining a higher density of charges on the surface during the contact electrification process is always favourable.29 Therefore, control of the contact electrification induced charge is a serious subject. Previously, the modulation of contact electric charge density was realized through intrinsic approaches, such as material selection, that directly change the structure of the two surfaces that are in contact.30 Surface modification and functionalisation seems to be an important method, as it can control the contact electrification induced charge; however, studies on the relation between surface modification induced electrification charge are limited. 
Moreover, recently the research on portable electronic devices have attracted much interest because of its easy mobility, low cost and more storage capacity comparing to conventional storage devices.31 Different materials e.g. semiconductors, polymers, electrets and waxes were used for charge storage flash memory devices.32-35 Besides these, other materials, such as the amorphous silicon36, polytetrafluoroethylene and poly methyl methacrylate37, 38 have already been used for electrostatic charge trapping purposes. Exploring a better charge-trapping material and subsequently analyzing their local charge-trapping properties is thus necessary for further improving the efficiency of electronic devices. Although charge storage in oxide/insulating materials have gained much attention, it still represents a great scientific challenge, largely due to the deficiency of knowledge of the specific mechanisms related to the generation, transport, and storage of charges. Diamond could be an interesting material for its use as an electrostatic charge-trapping material because of its unique set of interesting electronic properties.39-41 Perceiving, finding and enhancing the basic electrostatic charging properties of diamond is important for diamond-based electronic device applications. 
This paper addresses the electrostatic charge-trapping properties of one-dimensional diamond nanowire (DNW) films, synthesized by the microwave plasma enhanced chemical vapor deposition, subjected to hydrogen plasma treatments. Short hydrogenation treatments to DNWs is observed to effectively enhance charge-trapping properties; however an extended hydrogenation period degrades them. The possible mechanism for the enhanced charge-trapping properties of hydrogenated DNWs is discussed. 
2. Experimental
700 nm thick DNW films were deposited on n-type silicon (100) substrates with N2 (94%)/CH4 (6%) plasma by microwave plasma enhanced chemical vapor deposition (MPECVD). After the deposition, they were post-treated with H2 plasma for 5, 10 and 15 minutes at a pressure of 7 mbar with a microwave power of 600 W. For clarity, the 5, 10 and 15 minutes hydrogen plasma treated films were designated as “DNW5”, “DNW10” and “DNW15,” respectively. The pristine DNW films were designated as “DNW0”. The morphological and microstructural characterization of these films were examined using FESEM (JEOL 6500) and TEM (JEOL 2100, 200 eV), respectively. The bonding structures were evaluated by using Raman spectroscopy (Lab Raman HR800, Jobin Yvon) at an excitation wavelength of 632.8 nm, XPS (PHI 1600) at room temperature and EELS (Gatan Enfina in TEM). 
A multi-mode VIII AFM was used for the local electrostatic charge writing and patterning purposes at ambient conditions. For Kelvin probe force microscopy (KPFM) experiments, the base of the DNW film i.e. Si substrate basses were pasted to a steel disc using a conductive silver paint. Conductive diamond-coated silicon probes (diamond doped with nitrogen for conductivity, DCP11 by NT-MDT) were used for the AFM experiments. The tip height and radius of curvature were 10‒15 µm and ~100 nm respectively. The DNW/silicon substrates were grounded while the bias voltage was applied to the AFM tip. The voltages applied to the tip ranged from +10 to ‒10 V. The KPFM technique was used to detect the contact potential difference (CPD) between the written and unwritten charged areas on the DNW surfaces. All the charge-writing experiments were performed in ambient conditions, i.e the relative humidity and temperature were within 20–30% and 22–25 °C, respectively. Using the similar procedure, all the charge patterns were written with the same tip on different areas of the DNW surface. 
Results and Discussion
3.1   Surface morphology and chemical properties of pristine and hydrogenated DNW films
[bookmark: _Hlk535800399]Plane-view field emission scanning electron microscopy (FESEM) micrographs of pristine and hydrogenated DNW films with the enlarged view in the respective insets are shown in Figure 1. Pristine DNW films (DNW0, Figure 1a) possess a dense wire-like granular structure (lengths and widths varying from 0.2‒1 µm and 5‒10 nm respectively), that is evenly distributed over the entire sample surface. Hydrogenation for 5 min (Figure 1b, DNW5) starts to break the wire-like structure of the DNWs into shorter lengths. Moreover, for 10 min hydrogenation (Figure 1c, DNW10), the DNWs still becomes shorter with wider wire-like structure. The grains of the DNW films become still finer and no more wire-like structure is observed via the extended 15 min hydrogenation period (DNW15, Figure 1d). The detailed microstructural analysis is carried out by TEM, described shortly.
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Figure 1. Morphological and chemical characterization of pristine and hydrogenated DNW materials. FESEM surface morphology of (a) DNW0 and (b−d) hydrogenated DNW films for (b) 5 min (DNW5), (c) 10 min (DNW10), and (d) 15 min (DNW15). Insets show the enlarged view with scale bar (a, b) 200 nm and (c, d) 100 nm. (e) Raman and (f) XPS spectra of (e) pristine DNW0 (spectrum i) and spectrum (ii‒iv) hydrogenated films (ii) DNW5, (iii) DNW10, and (iv) DNW15.

[bookmark: _Hlk536831931][bookmark: _Hlk536830507][bookmark: _Hlk536831932]Structural changes caused by the hydrogenation process were examined via Raman spectroscopy (Figure 1e). A broad peak around at 1120 cm−1 is the trans-polyacetylene (TPA) phase, marked in Figure 1e for the DNW0, DNW5, DNW10 and DNW15 films.42-45 The D* band and G band at around 1334 cm−1 and 1594 cm−1 representing the disordered carbon and graphitic nature of the DNW0, DNW5, DNW10 and DNW15 films (Figure 1e). The Raman spectra of the pristine (DNW0) and hydrogenated DNW films (i.e., DNW5, DNW10 and DNW15) in spectra i, ii, iii, and iv in Figure 1e show that the diamond nature of these films is preserved despite the rigorous hydrogenation process.46 To more precisely understand the hydrogenation effect on the chemical bonding structure of these DNW films, XPS measurements were carried out. The C1s photoemission spectra of the pristine and hydrogenated DNW films are shown in Figure 1f. For better clarity and to clearly record the shift in the C1s peak, the raw data is shown. The C1s peak position in the diamond is 285.2 eV (i.e., C‒C sp3 peak position), which is about 1.1 eV higher than that in graphite (i.e., 284.1 eV, C=C sp2 peak position).47‒50 The C1s peak position shifted towards a lower binding energy (graphitic phase) as the plasma treatment time increased from 5 min (DNW5, Figure 1f spectrum ii) to 10 min (DNW10, Figure 1f spectrum iii), in comparison with the pristine DNW film (DNW0, Figure 1f spectrum i). This indicates that the fraction of the sp2 graphitic phase is higher in DNW10 materials than in DNW5 and DNW0 materials. Further, the fitted C1s curve with the relative percentages of sp2, sp3, and C=N phase fractions in Figure S1 and Table I in the supplementary information clearly support this fact. However, the extended hydrogenation period etches the sp2 graphitic phase and the C1s peak shifts towards the higher binding energy side (i.e diamond), as seen in Figure 1f spectrum iv for the DNW15 films. Briefly, as discussed in Figure S1 and Figure 1f, an increase in the sp2 graphitic phase fraction caused by the hydrogenation process is observed (i.e., the sp2 C=C phase fraction of 40.9% for the DNW0 increases to 48.1% for the DNW5 (Figure S1, spectrum ii) and 63.9% for the DNW10 (Figure S1, spectrum iii)). However, the extended hydrogenation process (Figure S1, spectrum iv), etched out the graphitic phase content from the DNW15 surfaces and thereby decreasing the sp2 C=C phase fractions to 35.9%.

3.2     Charge writing on DNW surface 
AFM tip was used to inject charges into the DNW surfaces in ambient conditions.51 Compared with other techniques, the AFM charge writing/patterning technique has the advantage that it does not require any sophisticated lithographic masks and no fear of radiation induced damage as is often the case with lithography techniques. AFM based charge writing method takes very less time (few secs to few minutes depending on the charge writing shape and structure) comparing to other techniques. The charge-writing procedure on the DNW material can be performed either in contact mode or tapping mode, as shown in the schematic in Figure 2a. During contact mode, the tip of the AFM physically rubs on the diamond surface, whereas in tapping mode, the tip taps the surface at regular intervals with the load varying from a few nN to a few N. Just after the charge-writing procedure, the CPD of the charged written area was measured. Amplitude modulated KPFM was utilized to measure the CPD by lifting the tip to a certain defined lift height (h) above the written area, as shown in the schematic in Figure 2b.52‒55 
Figure 2c shows a typical AFM surface topography of the DNW0 surface. The marked black square areas (500×500 nm2) in inset of Figure 2c show the charge-writing regions where the tip bias was alternatively switched between ‒1 V and +1 V. After the charge-writing procedure, the CPD between the tip and the DNW surface was recorded using the KPFM mode. Figure 2d shows the KPFM potential signal of the written area with a tip bias of +1 V. Similarly, the charge was written with a ‒1 V tip bias on the DNW0 surface. Both the positive and negative charges with different shapes and sizes down to nm scale can be patterned by varying the tip bias. The KPFM potential contrast in Figure 2e corresponding to the written area in Figure 2c shows that both positive and negative charges can be written on the DNW surface by switching the tip polarity. Notably, the KPFM surface potential is the CPD between the tip and the sample surface, that shows the extra charge on the sample surface.56‒58 

[image: ]
Figure 2. Illustration of the charge writing process (a) AFM tip in (I) contact and (II) tapping mode and (b) KPFM surface imaging just after the charge writing process on the same location. (c) Charge writing on the defined regions of the DNW0 surface by successively altering the tip polarity. Charge reading by KPFM depicting the potential on the DNW0 surface (d) using a biased AFM tip at +1 V and (e) charge imaging of the previously written area in (c). Image sizes: (c, e) 10 µm2; (d) 4 µm2. 
To investigate the hydrogenation effect on the charge-trapping properties of the DNW materials, charge-writing and subsequent charge-reading experiments were performed for the DNW0, DNW5, DNW10 and DNW15 materials. The surface topography with the charge writing area (shown in the middle of each figure) for the DNW5, DNW10 and DNW15 films, are shown in Figures 3a,d,g. The corresponding CPD maps are shown in Figure 3b,e,h, respectively. The line profile drawn through the CPD map indicated in Figure 3b,e,h is shown in Figure 3c,f,i, respectively. These line profiles show the extra accumulated charge trapped on the written area caused by the hydrogenation process. The accumulated charge on the DNW0 materials increased from 80 mV (Figure 2d) to 162 mV for DNW5 (Figure 3b). A further increase in the H2 plasma treatment period again enhanced the accumulated trapped charge to 379 mV, as seen in Figure 3e. However, further treatment degrades the charge accumulation to 112 mV, as shown in Figure 3h for the DNW15. 


[image: ]
Figure 3. Effect of the hydrogenation process on the charge trapping properties of DNW materials. AFM surface morphology of (a) DNW5, (d) DNW10, and (g) DNW15 films. The marked inset in the corresponding AFM surface morphology shows the area written by the AFM tip. The respective surface potential on the written area for (b) DNW5, (e) DNW10, and (h) DNW15 surfaces. The potentials across the line shown in (b), (e), and (h) are shown in (c), (f), and (i) for the DNW5, DNW10, and DNW15 films, respectively. (j) charge storage on the DNW materials with hydrogenation period, calculated from their corresponding potential mapping. Image sizes: (a, b, d, e, g, h) 4 µm. 
Moreover, the stability of the accumulated trapped charges in these DNW materials is a vital aspect for any real electronic applications of these materials. The trapped charge on the DNW10 material was monitored successively by measuring the variations in the KPFM contrast between the written and un-written area for 480 minutes as shown in Figure 4. The white and grey boxes in Figure 4a represent the writing area when the surface was scanned at tip biases of +1 and ‒1 V, respectively. Figure 4b‒i shows the subsequent KPFM potential variations for both the positive and negative charges measured for 480 min at 60 min intervals. The variations in the KPFM potential contrast in Figure 4b‒i reveal both the positive and negative KPFM contrasts become faint with time. It indicates the dissipation of the stored charge on the DNW10 surface as time passes. It was also observed that the potential contrast of the positive charge (white potential contrast in Figure 4b‒i) decays faster than that of the negative charge (black potential contrast in Figure 4b‒i) that requires further study to understand. The dissipation of the stored charges (shown in Figure 4j) suggest that they are quite stable (measured for 480 min) on the surface and dissipate slowly with time.59-61 

[image: ] 
Figure 4. The dissipation of trapped charge with time (a) AFM image of the DNW10 surface with the marked charge written areas as indicated in the square boxes. (b‒i) After the charge writing procedure, the KPFM signals were monitored for 480 min in 60 min interval. (j) Time dependent dissipation of the stored charge calculated from the respective KPFM signals. Image sizes: (a‒i) 6 µm.

The stored charge on the hydrogenated DNW materials depends on the load applied on it. As the load is increased during the charge writing procedure, the stored charge is subsequently enhanced. Figure 5 shows the charge storage on the DNW10 materials with respect to the varying load. The surface of the DNW10 materials on which loads from 10 to 70 nN are applied with tip biases of ±1 V is shown in Figure 5a. It is observed that as the load on the surface is gradually increased, the corresponding surface potential also increased (Figure 5b,c), which indicates presence of effective charge on the surface. Both positive and negative charge on the surface are enhanced by increasing the loads at both positive and negative tip biases, respectively. The enhanced charge (both positive and negative) with increasing load on the surface is shown in Figure 5d,e. Further, the stored charge of these DNW10 materials proportionally depends on the tip bias (i.e., charge injected into DNW10), which is not shown here. 
 [image: ]
Figure 5. Load and bias dependent charge trapping properties of hydrogenated DNW surfaces (a) AFM image of DNW10 surface with the inset marked load positions where charges are written by the AFM tip. The KPFM potential signal show the charge trapping on the surface as a function of load at a (b) positive or (c) negative tip bias. (d) positive and (e) negative contact potential difference extracted from the respective KPFM surface potentials in (b) and (c), respectively. Image sizes: (a, b, c) 10 µm. 
It is to be noted here that almost no change in the tip shape and size was noticed just before and after the load-dependent or high tip bias experiments, as shown in Figure S2. Thus, the excess charge trapping by any unexpected increase in the shape and size of the tip can be neglected.62 Interestingly, the potential pattern that has been written on the DNW10 surface can be brought back to the original pristine condition by applying the same bias with reverse polarity. This gives the hint that the DNW10 materials are rewritable, as shown in Figure S3, which could be helpful for DNW-based rewritable electronic devices.
3.3     Microstructural characterization by transmission electron microscopy
While Raman and XPS reveal the change in the chemical structure of the pristine DNW films caused by the hydrogenation process, TEM measurements were carried out to reveal the microstructural change of the DNW films, that significantly affect the charge-trapping/storing properties. A typical bright field (BF) TEM micrograph of the DNW0 films (Figure 6a) shows uniformly distributed wire-like aggregates with lengths varying from 50–200 nm and diameters of a few nanometers for the pristine DNW films. The selected area electron diffraction (SAED) pattern corresponding to the TEM of the DNW0 film, shown in the inset of Figure 6a, exhibits ring-shaped patterns, implying the presence of random orientation of the diamond aggregates in the DNWs. The calculated lattice plane spacings corresponding to SAED pattern of the (311), (220), and (111) planes are estimated to be 0.11, 0.12, and 0.21 nm, respectively, which are the same as for the crystalline diamond. The central diffuse ring indicated that the matrix is of amorphous carbon. A core–shell microstructure is observed in the high-resolution TEM (HRTEM) for the wire-like aggregates of the DNW0 films shown in Figure 6b. The diamond nanostructure in the DNW is encased by a few atomic layers with a lattice spacing of 0.34 nm, a graphitic phase of about 4 nm in thickness, while the core of diamond nanostructure in the DNWs consists of (111) diamond lattice planes with a lattice spacing of 0.21 nm. Fourier transform (FT) patterns on the selective areas were recorded to further confirm the diamond and graphitic nanostructures. The FT diffractogram (FT image) shows in region 1 marked in the inset of HRTEM image in Figure 6b corresponds to diamond, whereas the nanographitic phase is observed along the shell of the DNW, as marked by the region 2. Moreover, a large proportion of non-crystalline carbon phases are present in the vicinity regions as matrix. The presence of an a-C phase in the matrix of DNW0 is illustrated in region 3 and the inset FT3 image in Figure 6b.
It should be noted that the wire-like diamond aggregates observed in Figure 6a are actually of plate-like geometry that was investigated by the tilting experiments in TEM (not shown here). Briefly, the tilting experiments indicated that when (i) the samples were titled around an axis in perpendicular to the DNW (such as the x-axis designated in Figure 6b), the image of the diamond clusters remained about the same length with the same dark contrast, but when (ii) the samples were titled around an axis in parallel with the DNW (such as the y-axis designated in Figure 6b), the image of the diamond clusters slightly increased in width and gradually disappeared. This observation implies that the DNW structure shown in the TEM micrograph Figure 6b is the edge-on image of a plate-like diamond aggregate. 
The true shape of the diamond aggregate in DNW0 is like the one schematically shown in Figure 6c, viz. it contains parallel stacking of (111) diamond lattice planes with a few graphitic, sitting on the top of the surface (Figure 6cI). The ambiguity in the interpretation of the geometry of the DNW structure from their TEM micrograph comes from the phenomenon that the diamond aggregates were observable only when they were oriented with [] of diamond grains aligned in parallel with the electron beams, i.e., oriented in [] zone axis (Z. A.). In this orientation, the {111} lattice planes of diamond are parallel with the electron beam and diffract the electrons strongly, resulting in dark contrast for the diamond aggregates. The {111} lattice planes of diamond are seen as parallel fringes with the interplanar spacing of d111=0.21 nm (cf. Figure 6b). When the diamond samples were aligned in other Z.A., such as [001] or [111], the lattice planes aligned in parallel with electron beams will be the {100} families or the aligned [111] Z. A., where the lattice planes in parallel with the electron beams will be {} families. These lattice planes have interplanar spacing of d400= 0.09 nm and d202= 0.12 nm, which are too small to be resolvable by TEM, as the resolution limit of conventional TEM is ds=0.18 nm. The diamond aggregates oriented in these non-[] zone axes diffract electrons inefficiently and the images of the aggregates look like gray contrast (thickness contrast), which is difficult to resolve from the background matrix of amorphous materials. 

[image: ]

Figure 6. TEM analysis of the pristine DNW films (a) Bright-field TEM image of DNW0 with inset SAED pattern showing the (311), (220), and (111) diffraction rings of diamond. (b) High-resolution TEM image clearly showing the nanowire structure with a diamond phase encapsulated by a graphitic phase. Inset FT images show the phase content at the respective marked areas. (c) The schematic of the plate-like geometry of the diamond aggregates in DNW0, where (cI) shows the inclined view and (cII) shows the edged-on view of the plate-like diamond aggregates.
The hydrogenation process has a significant effect on the microstructure of the DNW0 films. As experimentally observed with TEM in Figure 7a, a plate-like geometry with shorter diameter and thicker thickness was recorded for the DNW10 films in comparison with the plate-like structure for the DNW0 films shown in Figure 6a. This result is consistent with the morphology seen in the FESEM images in Figure 1c. Moreover, the appearance of a spotty SAED pattern for the DNW10 films shown in the inset of Figure 7a indicates a better crystalline ordered diamond phase in contrast to the pristine DNW0 films (Figure 6a). The FT1 image corresponding to region 1 in Figure 7b reveals the diamond structure of the DNWs. FT images (FT2) corresponding to region 2 in Figure 7b reveal dumbbell‒like diffraction spots, indicating the presence of graphitic structures. Further, the plate-like diamond aggregates in DNW0 appear to disintegrate into shorter and thinner segments in DNW10 films by the hydrogen plasma, as marked by the arrows in Figure 7b. Most of the regions surrounding the DNW0 were transformed from a nanocarbon phase (diamond+a-C) to a graphitic phase by the hydrogenation process. In contrast, the plate-like granular structure of the pristine DNW0 films could not be observed when the films were subjected to extended hydrogenation periods, as shown in the BF TEM image in Figure 7c for the DNW15 films. The corresponding SAED pattern shown in the inset of Figure 7c reveals the presence of the (311), (220), and (111) diffraction rings, as in the DNW0 film (cf. Figure 6a), indicating that the diamond structure of the DNW15 is preserved. However, the diffused ring in the center of the SAED pattern is blurred, indicating the transformation of the graphitic phase into a-C phase due to the longer hydrogenation treatment. The corresponding HRTEM in Figure 7d clearly shows the presence of nanosized diamond grains of 5 to 10 nm. Interestingly, the plate-like aggregates seen in Figure 6a have completely disappeared and a blurry a-C phase appeared in Figure 7c. The FT images (FT1FT3), corresponding to regions 13 marked in the inset in Figure 7d reveal the presence of a-C phases with a small proportion of diamond. Therefore, it can be concluded that the graphitic phase around and throughout the DNW10 films has completely transformed to nano-sized diamond with an a-C phase due to the prolonged hydrogenation effect. Moreover, the TEM results for the DNW15 films agree well with the Raman results, which show a red-shifting of the D* and G peaks that indicate the transformation of the sp2 graphitic phases into a-C phases (cf. Figure 1e, iv).
Selective area electron energy loss spectroscopy (EELS) spectra were recorded in the carbon K-edge region to explicitly differentiate between the different carbon materials (e.g., diamond, graphite, and a-C phases) contained in the DNW0, DNW10 and DNW15 films (Figure 7e).63,64 The weak peak around 285.1 eV (the π*‒band) in spectrum i in Figure 7e for the DNW0 films indicates the presence of a small fraction of the sp2 phase. Interestingly, the π*-band intensity improved significantly for DNW10 (spectrum ii, Figure 7e), indicating the presence of improved graphitic phase fractions. However, a small signal near 285.1 eV (spectrum iii, Figure 7e) indicates the etching of the graphitic phase from the DNW15 surface. Both the TEM and EELS observations suggest that hydrogenation for a short period markedly increased the metallic sp2 nanographitic phase fractions; however, extended hydrogenation etched the graphitic phase content from the surface.


[image: ]
Figure 7. TEM analysis of the hydrogenated DNW films (a) TEM image of the DNW10 film with the inset showing the SAED pattern. (b) High-resolution TEM image with inset FT images show the phase content of the respective marked areas. (c) TEM image of the DNW15 films with the inset showing the SAED pattern. (d) High-resolution TEM image of the DNW15 showing the abscence of the nanowire morphology due to the hydrogenation process. The phase content of the respective marked areas is shown in the inset. (e) EELS spectra of (i) DNW (DNW0) and (ii, iii) hydrogenated DNWs (ii) DNW10 and (iii) DNW15 films.
 
Discussion
[bookmark: _Hlk1350532]It is believed that the major difference between the pristine (DNW0) and hydrogenated DNWs (DNW5, DNW10 and DNW15) is the modification of their respective microstructure and chemical structures caused by the hydrogenation process, as revealed by the Raman, XPS and TEM measurements. The Raman spectra indicate the formation of disordered carbon and sp2 nanographitic phases in DNW5 and DNW10 films, as shown in Figure 1e spectra ii and iii, respectively, while an extended hydrogenation processing (i.e DNW15, Figure 1e, spectrum iv) etches the nanographitic phases from the surface. Further, the XPS spectra show the formation of graphitic phase for the DNW5 and DNW10 in Figure 1f, spectra ii and iii, respectively; however extended hydrogenation etches the graphitic phase from the DNW15 surfaces as shown in Figure 1f, spectra ii. 
Restated, both the Raman and XPS indicate the induction of increased sp2 nanographitic phases in DNW5 and DNW10 films. The change in the chemical microstructure and phase can play a role for the effective charge trapping for hydrogenated DNW films. The hydrogenated DNW5 and DNW10 films have better conducting nanographitic sp2 phase fractions compared with the pristine DNW0 films. The presence of these metallic nanographitic phases embedded in the diamond matrix cannot served as the electron trap centers as the electron charges will be dissipated without any dielectric support for trapping these charges.65‒67 Kawanami et al. reported enhanced charge storage properties and a threshold voltage shift with the presence of metallic cobalt and cobalt silicide in a dielectric SiO2 thin film matrix.68 Hattori et al. demonstrated enhanced charge-trapping properties of different sizes of Au nanoparticles embedded in p- and n-doped Si substrates.69 Further, the presence of foreign metal nanocrystals (e.g. Au, Ag, and Pt) in thin SiO2 films have been seen to improve the charge trapping properties and charge retention times for nonvolatile memory applications.70,71,72 In addition to the enhanced charge-trapping properties of metallic nanoclusters embedded in a dielectric material, stable defect sites in hydrogenated DNW caused by a hydrogen plasma treatment are also believed as charge-trapping centers.73, 74 Thus, a nonconducting support is necessary in addition to the presence of metallic nanographitic phase for these DNWs to serve as the superior charge trapping materials. The formation of the plate-like diamond aggregates, as observed from TEM experiments (schematically explained in Figure 8 shortly), forming nanosized diamond-graphite clusters (DGCs), serve as an ideal metallic and dielectric pair for trapping the charges.

[bookmark: _Hlk7033262][bookmark: _Hlk6357910][bookmark: _Hlk536831929][bookmark: _Hlk6424279]The presence of the DGC charge trapping sites can also account for the increased charge-trapping properties of the pristine DNW0 as the hydrogenation period is extended to 5 and 10 minutes. The possible explanation is that, as the hydrogenation period is increased, the disintegration of the DGCs starts to appear on the DNW surface.75, 76 The disintegration in the DGC morphologies were directly observed during the TEM (Figure 7) as well as SEM measurements (Figure 1(a), (b), (c), (d)). Moreover, the Raman spectra reveal a broadened D* peak with red shifting of G peaks for the DNW5 and DNW10 films (Figure 1e, spectra ii and iii) compared with the DNW0 film (Figure 1e, spectrum i), indicating the presence of defect sites in the hydrogenated DNW5 and DNW10 films.45 These defect sites can help in trapping the charge easily because their presence lowers the mobility of electrons via the impurity scattering mechanism, and lower the conductivity of the materials by decreasing the electron concentrations.73, 74 Further, XPS results (Figure 1f, spectra ii and iii) show the C1s peak shifting towards a lower binding energy (i.e., the graphitic side) with respect to the hydrogenation period indicating the formation of abundant nanographitic phase in DGC form on the DNW5 and DNW10 surfaces. However, with extended hydrogenation period, the C1s shifts towards a higher binding energy (Figure 1f, spectra ii and iii) indicating the etching of the ordered nanographitic phases i.e DGCs (transformation from sp2 nanographitic to a diamond or a-C phase). This change in chemical structure of these DNWs due to the hydrogenation process seems to have a significant effect on the enhanced/degraded charge-trapping properties, respectively. Further, the Raman and XPS results are well supported by the TEM observations described in Figure 6 and Figure 7. TEM Fourier transform image investigations (Figure 7b) revealed the presence of nanographitic sp2 phase throughout the DNW10 surface in comparison with the DNW0 (Figure 6b) or DNW15 (Figure 7d) surfaces. Again, this fact is supported by the EELS measurement shown in Figure 7e. The presence of the peak around 285.1 eV indicates the presence of more sp2 nanographitic phase in the DNW10 surface (Figure 7e, spectrum II) compared with DNW0 (Figure 7e, spectrum I) or DNW15 (Figure 7e, spectrum III). Initially, the charge storage properties of DNW5 and DNW10 materials increased as the hydrogenation period increased because of the availability of increased charge-trapping sites (i.e., the DGCs). However, the extended hydrogenation period of the DNW films (i.e., the DNW15 in Figure 7d) resulted in the etching of the DGCs from the surface, which starts to degrade the charge-trapping properties.
[bookmark: _Hlk65249195]For better understanding the effect of hydrogenation process on the microstructure of the DNW films, Figure 8 is schematically illustrated. The pristine DNW0 surfaces consist of parallelly stacked (111) diamond lattice plates with diamond structures in the form of DGCs with graphite and plate-like diamond aggregates (cf. TEM micrograph in Figure 6b). The diamond structures in DNW0 (filled black oval in Figure 8a) are relatively large, ~ 50-200 nm and possess a medium level of charge trapping ability. These DNWs were surrounded by a matrix of amorphous carbons (red dots in Figure 8a), with little conductivity, acting as the leaking path for trapped charges. It should be noted that the hydrogenation process alters the physiochemical properties of the topmost layers of the DNWs. With respect to the hydrogenation period, the length of the DGCs was shorter (length of DNW0>DNW5>DNW10 as observed from SEM in Figure 1 and TEM structure image in Figure 6b, Figure 7b, Figure 7d), and the phase fraction of the DGCs increases (DNW0<DNW5<DNW10). A short time hydrogenation process, as in the case of DNW10, yields an abundant DGCs, thereby enhancing the volume fraction of the nanographitic phase on the DNW10 surface. Moreover, the interlayer a-C phase between the few topmost layers transform to nanographitic by the hydrogenation process. These nanographite aggregates act as perfect local charge trapping centers.65‒70 Moreover, the local charge trapping at the defect sites created by the aggressive hydrogen plasma further boosts the overall charge-trapping on the hydrogenated DNW10 surface. However, when these DNWs were hydrogenated for an extended period (Figure 8c) i.e DNW15, the DGCs on the surface were completely etched away and thereby lost the charge-trapping ability. 

[image: ]

Figure 8. Schematic representation showing the hydrogen plasma effect on the microstructure of DNW films (a) DNW0 (b) DNW10 and (c) DNW15 films.

The presented results show the modification of charge-trapping properties of DNW materials with high spatial resolution due to the hydrogenation process, which allows for practical applications of DNW materials in nanotechnology. Moreover, the charge trapping properties of the DNW materials are believed to vary with the different diamond microstructures, chemical constituents, and different surface treatment procedures. The induced potential contrast corresponds mostly to charges trapped inside the DNW films, which persist for a long time even after the charging. Such a behavior paves the way for the real applications of these hydrogenated DNW for diamond-based electronic device. The directed nano-assemblies of biomolecules or colloidal nanoparticles on the patterned charged areas on DNW materials are promising building blocks for emerging nanotechnology applications including chemical and biological sensing, nanoelectronics, and optoelectronics.77‒79 Moreover, hydrogenation induced effective charge-trapping and the role of DGC, defects could provide a strategy for further enhancing charge trapping properties in diamond-based charge storage devices. This study opens up new directions for the charge trapping properties of other carbon-based nanomaterials by tuning the sp2/sp3 phase fractions, various defect states, which will be the new methods for charge-trapping layers in charge-trap flash memory devices.

5.     Conclusion
In summary, charge injection into DNW surfaces can be well controlled by the external bias and applied load of an AFM tip. Both positive and negative charges can be stored in nanometer-scale patterns with different shapes and sizes on the DNW surfaces. A simple hydrogen plasma treatment of appropriate duration (DNW10) is observed to effectively enhance the charge-trapping properties of these DNWs. The enhanced charge-trapping properties for hydrogenated DNWs is attributed to the formation of plate-like diamond-graphite nanocomposites of higher phase fractions. Abundant plate-like diamond-graphite nanocomposites in a dielectric diamond matrix is observed to trap more charges, which can be used for battery applications. Moreover, we believe that these results are significant and of wide interest in the field of nanoscience specifically in the triboelectric nanogenerator application field because of the potential of a simple hydrogenation process on effective charge˗trapping properties for diamond and other nanocarbon based materials. 
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