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Abstract This paper introduces a laser-interference-controlled electrochemical deposition method for direct
fabrication of periodically micropatterned magnetite (Fe3O4) nanoparticles (NPs). In this work, Fe3O4 NPs
were controllably synthesized on the areas where the photoconductive electrode was exposed to the
periodically patterned interferometric laser irradiation during the electrodeposition. Thus, the micropattern
of Fe3O4 NPs was controlled by interferometric laser pattern, and the crystallization of the particles was
controlled by laser interference intensity and electrochemical deposition conditions. The bottom-up
electrochemical approach was combined with a top-down laser interference methodology. This maskless
method allows for in situ fabrication of periodically patterned magnetite NPs on the microscale by
electrodeposition under room temperature and atmospheric pressure conditions. In the experiment, Fe3O4
NPs with the mean grain size below 100 nm in the pattern of 5-μm line array were achieved within the
deposition time of 100 s. The experiment results have shown that the proposed method is a one-step
approach in fabricating large areas of periodically micropatterned magnetite NPs.
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19 ABSTRACT

20 This paper introduces a laser-interference-controlled electrochemical deposition

21 method for direct fabrication of periodically micropatterned magnetite (Fe3O4)

22 nanoparticles (NPs). In this work, Fe3O4 NPs were controllably synthesized on

23 the areas where the photoconductive electrode was exposed to the periodically

24 patterned interferometric laser irradiation during the electrodeposition. Thus,

25 the micropattern of Fe3O4 NPs was controlled by interferometric laser pattern,

26 and the crystallization of the particles was controlled by laser interference

27 intensity and electrochemical deposition conditions. The bottom-up electro-

28 chemical approach was combined with a top-down laser interference method-

29 ology. This maskless method allows for in situ fabrication of periodically

30 patterned magnetite NPs on the microscale by electrodeposition under room

31 temperature and atmospheric pressure conditions. In the experiment, Fe3O4 NPs

32 with the mean grain size below 100 nm in the pattern of 5-lm line array were

33 achieved within the deposition time of 100 s. The experiment results have

34 shown that the proposed method is a one-step approach in fabricating large

35 areas of periodically micropatterned magnetite NPs.
36

37

38 Introduction
39

40 Micro- and nanopatterned magnetic nanoparticles

41 (MNPs) are widely investigated recently due to the

42 increasing demand of nanoelectronic devices, sensors

43 [1, 2], systems for sorting and manipulating cells [3],

44 and high-density data storage devices [4]. Nanopar-

45 ticle-based structures specifically concern two-di-

46 mensional ordered arrays of MNPs on solid

47substrates which possess different properties of

48magnetic anisotropy [5, 6]. Such structures are par-

49ticularly promising for the manufacturing of high-

50capacity bit-patterned media (BPM) [7], which can

51potentially extend the storage capacities of magnetic

52hard disk drives (HDDs) and replace present mag-

53netic films. Conventional synthesis of patterned thin

54films of MNPs requires a high temperature of hun-

55dreds of degrees Celsius and high-vacuum sputtering
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56 process with specialized equipment [8, 9]. Therefore,

57 the development of economical synthesis methods

58 for the fabrication of MNPs with a controllable pat-

59 tern, period and crystallization is required [10].

60 Currently, iron oxides such asmagnetite (Fe3O4) can

61 be obtained by cathodic or anodic electrochemical

62 synthesis methods [11–14]. Martinez et al. [11] repor-

63 ted that iron oxide–oxyhydroxide layers in different

64 phases were able to be produced by the control of

65 applied voltages and electrolyte compositions. Meng

66 et al. [12] reported the fabrication of hematite (a-Fe2O3)

67 nanoparticles (NPs) on ITO films by electrodeposition.

68 The electrochemical deposition of Fe3O4 micro–

69 nanoparticles on carbon nanofiber buckypapers was

70 reported [13]. Cathodic electrodeposition of Fe3O4 thin

71 films by galvanostatic deposition at elevated temper-

72 atures was also reported [14]. It can be seen from the

73 reported approaches that the NPs are fabricated with

74 unpatterned electrodes in the electrochemical depo-

75 sition processes. Therefore, patterned distributions of

76 particles cannot be obtained by the reported methods,

77 and there is the need to develop methods for direct

78 fabrication of patterned particles.

79 Normally, lithography-assisted assembly is the

80 main methodology for organizing MNPs into

81 micro-/nanostructured patterns on a substrate.

82 Stamp-assisted structuration method is most widely

83 used for patterning MNPs on surfaces by microcon-

84 tact printing (lCP). A self-assembled monolayer

85 (SAM) was fabricated as a template, and then the

86 MNPs were attached to the structured surfaces

87 [15–18]. Also, Cavallini et al. [19] reported the

88 method of microinjection molding in capillaries to

89 pattern Fe3O4 NPs in micrometric stripes and dots on

90 mica. Electron beam lithography (EBL) and pho-

91 tolithography are mostly used in the lithography-as-

92 sisted structuration method to fabricate physical

93 templates that can be used to structure the MNPs.

94 The topographically structured surfaces physically

95 guide the assembly of MNPs to specific areas [20–22].

96 Recently, biomimetic templates are used for the

97 synthesis and assembly of MNPs. Patterning of

98 magnetite NPs onto gold substrates by biomineral-

99 ization and biotemplate has been previously reported

100 [23–26]. Although different methods for the fabrica-

101 tion of ordered MNPs have been developed, the

102 patterned templates obtained by relatively complex

103 traditional lithography steps are usually required.

104 The optically induced electrochemical deposition

105 (OED) method [27–29], previously developed by Li

106et al., used programmable light patterns to produce

107controlled and localized electric fields in a photo-

108sensitive microfluidic chip, for fabricating metal thin

109films in nanodevices.

110In this study, we combined the electrodeposition

111with the OED method and presented a laser interfer-

112ence controlled electrochemical deposition (LIED)

113method to achieve direct and high-efficient fabrication

114of periodically micropatterned Fe3O4 NPs on large

115areas. Laser interference irradiation was used in the

116LIEDprocess to generateperiodicmicrostructures over

117large areas with high-fidelity and minimal substrate

118treatments [30–33]. Fe3O4NPs in a periodical pattern of

1195-lm line arrays were directly fabricated by LIED over

120an area of 1 cm2 within 100-s deposition time, and the

121mean grain size of the NPs was below 100 nm. The

122process was performed in one-step at room tempera-

123ture and atmospheric pressure conditions, while

124requiring no templates and complex techniques.

125The LIED method has good controllability for the

126fabrication of patterned MNPs. During electrodepo-

127sition, the synthesis of MNPs occurs selectively on the

128areas where the photoconductive cathode is exposed

129to the interferometric laser irradiation in the elec-

130trolyte. Therefore, the micropattern period along with

131the pattern of the MNPs is controlled by the interfer-

132ometric laser pattern. The nucleation and growth of

133Fe3O4 NPs are controlled by the laser interference

134intensity and electrochemical deposition conditions of

135the applied potential and deposition time.

136Periodically micropatterned Fe3O4 NPs fabricated

137by LIED method on hydrogenated amorphous silicon

138(a-Si:H) were investigated for the first time to

139understand the patterning mechanism of the laser

140interference controlled process and the electrodepo-

141sition reaction. Also, the effects of interference

142intensity, electrodeposition potential and time on the

143grain size, crystallization, and morphology of Fe3O4

144were subsequently studied. The optimization of

145conditions in electrosynthesis was also carried out.

146Methods

147Experiment

148Preparation of electrolyte

149The electrolyte used in each experiment was a mix-

150ture of 4 mM ferrous chlorides (FeCl2�4H2O, Xilong
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151 Chemical) and 8 mM ferric chlorides (FeCl3�6H2O,

152 Tianjin Kaitong Chemical Reagent) containing Fe2?/

153 Fe3? ions with a molar ratio of 1:2, based on the co-

154 precipitation method for the preparation of bare

155 Fe3O4 NPs [34]. The electrolyte was put in a 150 mL

156 rectangular quartz beaker. All electrolytes were pre-

157 pared from analytical grade reagents without further

158 purification, and deionized water was from the Mil-

159 lipore water purification system. The electrolyte was

160 kept at room temperature during the entire elec-

161 trodeposition process.

162 Electrode fabrication

163 The photoconductive electrode consists of an ITO

164 glass substrate (square resistance is 8 X) with an a-

165 Si:H layer deposited on the substrate surface by a

166 plasma-enhanced chemical vapor deposition

167 (PECVD) process. During the PECVD, one part of the

168 ITO glass was covered with a mask, leaving a non-

169 deposited area used as a bottom conductive elec-

170 trode. Then, a copper conductive tape was connected

171 to the exposed bottom ITO electrode so as to enhance

172 the conductivity when applying a DC current to the

173 electrode, as shown in the enlarged image of Fig. 1a.

174 Specifically, the thickness of the a-Si:H layer was

175 100 nm. The counter electrode was an iron plate, and

176 the reference electrode was a saturated calomel

177 electrode (SCE). Prior to the electrodeposition, the

178 three-electrode setup was immersed in the elec-

179 trolyte, and the photoconductive electrode was

180 placed on the outermost side. The uncoated side was

181 directed toward the beaker wall with the a-Si:H film

182 oriented toward the inside of the beaker. The

183 immersion depth of the electrodes was consistent to

184 ensure that the area deposited in each experiment

185 was about 1 cm2, and the position of the electrodes

186 was fixed.

187 Experiment setup

188 The laser interference irradiation process was carried

189 out by exposing the photoconductive electrode sur-

190 face to a continuous wave Nd: YAG laser (CNI MSL-

191 457, k = 457 nm, maximum power = 100 mW) in a

192 two-beam interference system. The laser power was

193 measured with the Laser Power and Energy Meter

194 (Thorlabs PM200). The schematic diagram of the

195 interference system setup is shown in Fig. 1a. W is

196 the half-wave plate, and P is the polarization prism.

197M is the mirror, and BS is the beam splitter. In the

198experiment, the two incident beams followed a

199symmetrical configuration with the azimuthal angles

200of u1 = 0� and u2 = 180� and the same incident angle

201of 2.6�. The polarization mode of TE–TE was

202employed. It was assumed that the initial phases

203were zero and the amplitudes of the two beams were

204identical. The interference system was mounted on

205the outside of the beaker to ensure the homogeneous

206illumination during deposition. The laser beams were

207expanded so that they illuminated an area of 1 cm2.

208The beams were reflected off the mirrors and passed

209through the beaker, electrolyte and ITO substrate.

210Then they were intersected and interfered on the

211back of the a-Si:H film. An electrochemical worksta-

212tion (Model CHI660D, Shanghai Chenhua) was

213interfaced to a personal computer for collecting data.

214The measurement method of chronopotentiometry

215(CP) was used for the electrochemical deposition. The

216cathode of the electrochemical workstation was con-

217nected to the ITO layer of the photoconductive sub-

218strate via the conductive copper tape. The complete

219LIED system is shown in Fig. 1a.

220Fabrication of Fe3O4 NPs by LIED method

221When a DC current was applied between the cathode

222and the metallic anode, concurrently, laser interfer-

223ence irradiated on the photoconductive substrate,

224and the electrochemical deposition was carried out

225with the different time periods from 0 to 800 s.

226Finally, the deposited NPs were rinsed with DI water

227and dried with nitrogen. A large area of Fe3O4 NPs in

228the pattern of 5-lm line arrays was obtained on the a-

229Si:H surface as shown in Fig. 1b. The grain size dis-

230tribution of particles has a good agreement with the

231distribution of the interferometric laser intensity, as

232shown in Fig. 1c. The details will be discussed in

233‘‘Laser interference irradiation-dependent grain size

234distribution’’ section.

235Characterization

236A scanning electron microscope (SEM) was used to

237examine the morphologies and grain distributions.

238All deposited samples were imaged by a high-reso-

239lution SEM (FEI QUANT-250 FEG, at the 5 kV

240accelerated voltage). X-ray photoelectron spec-

241troscopy (XPS) was used to identify the element
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242 constituents of the deposits. The crystal phase of

243 samples was characterized by XPS (ESCALAB 250).

244 Figure 2 shows the XPS spectra of the Fe3O4 NPs

245 fabricated on the a-Si:H surface with the current

246 density of 1.0 mA cm-2, deposition time of 100 s and

247 irradiated interferometric laser power density of

248 1.5 mW cm-2. The peaks of the C 1s, O 2p, Fe 3p, and

249 Fe 2p are included in the NPs, as shown in Fig. 2a.

250 Fe3O4 is alternatively expressed as FeO�Fe2O3. From

251the spectra in Fig. 2b, the double peak positions of Fe

2522p3/2 and Fe 2p1/2 are 710.88 and 724.48 eV, respec-

253tively, which are in agreement with the standard

254peak positions of Fe3? and Fe2? in the stoichiometric

255Fe3O4 [11, 35]. The double peaks are broadened,

256corresponding to the contributions of Fe2? (2p3/2) and

257Fe2? (2p1/2) peaks. This situation confirms that the

258NPs are Fe3O4 rather than c-Fe2O3 [36, 37].

Figure 1 a LIED experimental system and diagram of two-beam

laser interference system. b Large area of Fe3O4 NPs fabricated on

the a-Si:H surface. c 2D interference simulation result for two-

beam laser interference pattern (k = 457 nm, h = 2.6�) and the

corresponding laser intensity curve along the line in the simulation,

and the consistent distribution of Fe3O4 NPs with an area of

2T 9 3T, where T is the period.
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259 Patterning mechanism by LIED

260 The laser interference irradiation on the photocon-

261 ductive cathode and an applied DC current concur-

262 rently perform the LIED patterning process. The

263 photoconductivity of the irradiated a-Si:H can

264 increase from 10-10 S m-1 to approximately

265 10-3 S m-1, resulting from the photoexcitation of

266 electron–hole pairs. When the interferometric laser

267 intensity reaches to a certain threshold, the incident

268 interferometric laser pattern on the photoconductive

269 substrate generates localized micropatterns of high

270 conductivity, leading to the creation of a patterned

271 virtual photo-cathode or virtual electrode (VE). In

272 this way, the patterned laser irradiation controls the

273 electrodeposition reaction as an optical switch. As

274 shown in Fig. 3a, the interferometric laser pattern

275 irradiated onto the a-Si:H substrate of the cathode

276 forms a patterned VE and guides the electron transfer

277 with the pattern. Under an applied galvanostatic

278 condition, a higher electrical potential could be

279 dropped on the VE/electrolyte area than the non-ir-

280 radiated interface. Due to the effects of elec-

281 trophoretic force and Brownian motion, the mass

282 transfers of ferrous irons and ferric irons are from the

283 electrolyte solution to the reaction zone.

284 Then the adsorbed ferrous irons, ferric irons and

285 hydroxyl ions generated from the reaction in Eq. (1),

286 allow for the electrochemical synthesis of Fe3O4 in the

287 electric double layer (EDL) [38, 39] close to the VE, as

Figure 2 a XPS spectra of the constituent elements for the Fe3O4

NPs fabricated on the a-Si:H surface with the current density of

1.0 mA cm-2, deposition time of 100 s and irradiated

interferometric laser power density of 1.5 mW cm-2. b Detailed

peaks of Fe 2p1/2 and Fe 2p3/2.

Figure 3 a Mechanism of fabricating patterned Fe3O4 NPs by

LIED. The cathode consists of the ITO glass substrate and a-Si:H

film on the surface. b Equivalent circuit model of the LIED

system, which consists of the a-Si:H film, the iron ion electrolyte

and the VE/electrolyte interface.
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288 shown in Eq. (2). At the VE, the evolution of hydro-

289 gen gas is accompanied by the formation of OH-

290 ions, which will lead to an increase in the local pH at

291 the electrode surface.

292 The cathode reactions in the reaction zone can be

293 expressed as

2H2Oþ 2e� ! H2 þ 2OH� ð1Þ

295295 Fe2þ þ 2Fe3þ þ 8OH� ! Fe3O4 þ 4H2O: ð2Þ

297297 In the LIED system, the EDL at the interface

298 between the VE and the electrolyte, plays a pivotal

299 role for the overall reaction, because it provides the

300 voltage potential and environment for the final pro-

301 duct [40, 41]. Figure 3b shows a simplified equivalent

302 circuit model of the LIED system, where Ca and Ra

303 denote the capacitance and resistance of the a-Si:H

304 layer, CL and RL denote the capacitance and resis-

305 tance of the electrolyte, and CEDL and REDL indicate

306 the equivalent capacitance and resistance of the EDL

307 between the VE and electrolyte interface.

308 Magnetite molecules nucleated on the illuminated

309 surface and aggregated into NPs with the same pat-

310 tern as the projected interferometric laser. Thus, the

311 period of the patterned NPs can be controlled

312 directly, and the grain size distribution is consistent

313 with the interference intensity distribution.

314 Results and discussion

315 Grain size distribution

316 According to the Faraday’s law of electrolysis, when

317 a DC current flows through the electrolyte, the

318 amount of substance nFe3O4 generated by the

319 chemical reaction on an electrode (e.g., the VE/elec-

320 trolyte interface) in a deposition process can be cal-

321 culated by

nFe3O4 ¼
Q

zF
ð3Þ

323323 Q ¼ Ipht ð4Þ

325325 where Q is the amount of electrons received, z is the

326 valence of Fe3O4 molecules and F is the Faraday

327 constant. In Eq. (4), Iph denotes the photocurrent

328 generated in the hydrogenated amorphous silicon,

329 and t denotes the deposition time. When the illumi-

330 nation and electron–hole generation are in a steady-

331 state throughout the a-Si:H material, and there is only

332the electron contribution to the photocurrent, the

333photoconductivity is written as [42]

Drph ¼ Uageln0s ð5Þ

335335where Drph is the photoconductivity, U is the incident

336luminous flux per unit area, a is the absorption

337coefficient, g is the quantum efficiency for the elec-

338tron generation, ln0 is the drift mobility of the elec-

339tron, and s is the response time of photoconductivity.

340When the DC current is applied, the Iph can be

341expressed as

Iph ¼ UDrphA=d ð6Þ

343343where U denotes the potential of the EDL, A is the

344pattern area, and d denotes the thickness of the a-Si:H

345film.

mFe3O4
¼ VFe3O4

q ¼ ArFe3O4
q ¼ nFe3O4

NFe3O4
ð7Þ

347347In Eq. (7), rFe3O4
is the grain size of Fe3O4 NPs.

348NFe3O4 , mFe3O4 , VFe3O4 and q are the molar mass, mass,

349volume, and density of Fe3O4, respectively.

350Considering Eqs. (1–7), when the material of a-Si:H

351is not changed, ageln0sNFe3O4/qzdF is a constant, and

352then the dependence of the grain size of the NPs can

353be expressed as

rFe3O4
/ UUt ð8Þ

355355in which the grain size of the NPs is proportional to

356the applied potential, deposition time and laser

357intensity.

358Laser interference irradiation-dependent
359grain size distribution

360In this work, the intensity distribution of the two-

361beam interference pattern was obtained by theoretical

362analysis and computer simulation as shown in

363Fig. 1c. The details of the simulations can be found in

364our previous work [30–33]. The corresponding dis-

365tribution of Fe3O4 NPs shows that the largest NPs are

366mainly concentrated in the interference maxima areas

367and the smallest ones in the interference minimum

368areas. The grain sizes are distributed in a gradient

369way. When the incident angles and intensities of laser

370beams are set to the same values, the period of two-

371beam interference pattern is d = k/2sin(h). Therefore,

372the period of the patterned NPs can be controlled by

373changing the incident wavelength k and the incident

374angle h.
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375 It can be found from Eq. (8) that when the potential

376 and deposition time in the LIED process are constant,

377 the grain size distribution of the NPs is determined

378 by interferometric laser intensity. Figure 1c shows

379 that the theoretical analysis matches well with the

380 experimental results. The grain size distribution of

381 NPs is also strongly dependent on the contrast of

382 interferometric laser pattern which can be modulated

383 by the parameters of incident beams. When the laser

384 intensity is lower than the conducting threshold, the

385 hydrogenated amorphous silicon film is not conduc-

386 tive, and when it is beyond the saturation threshold,

387 the contrast of the pattern is decreased. Therefore, an

388 optimal power density of 1.5 mW cm-2 for the irra-

389 diated interferometric laser was chosen for each

390 experiment.

391 Relationship between the grain size
392 and applied potential

393 The applied potential is a key factor in the deposition

394 of patterned Fe3O4 NPs, and it greatly influences the

395 properties of EDL. As shown in Fig. 4, the influence

396 of the potential on the deposition of NPs was

397 investigated.

398 The LIEDs were carried out at constant current

399 densities of 0.5, 0.8, 1.0, 1.5, and 2.0 mA cm-2,

400 respectively. During the deposition time of 100 s, the

401 potentials between the a-Si:H substrate cathode and

402 the SEC in the electrolyte vs the deposition time were

403 recorded, as shown in Fig. 4a. Based on the curve, an

404 initial charging process of the negative potential was

405 recorded with the time of the current applied to the

406 cathode at the beginning, due to the large capacitance

407 of the EDL.

408 In the experiments, the potential is proportional to

409 the applied current density. The SEM micrograph of

410 bare a-Si:H substrate before deposition is shown in

411 Fig. 4b. Figure 4c–g shows the morphologies of five

412 representative samples. With an applied potential

413 between 0 and - 1.0 V, there are not patterned NPs

414 observed, as shown in Fig. 4c. Figure 4d–f shows the

415 microstructures of deposited Fe3O4 with different

416 potentials. The particle size increases with the

417 decrease in the applied negative potential. This can

418 be attributed to that the applied higher current

419 facilitates the higher reaction efficiency of Fe3O4 NPs.

420 When the applied negative potential is lower than

421 - 3.0 V, the destruction of the hydrogenated amor-

422 phous silicon that results from the poor adherence of

423the film to the substrate can be observed (Fig. 4g).

424Therefore, the cathode current density for the crys-

425tallization of micropatterned Fe3O4 NPs is believed to

426be in a narrow range between 0.8 and 1.8 mA cm-2

427for the electrodeposition. Correspondingly, the

428deposition potential window is between - 1.6 and

429- 3.0 V.

430Relationship between the grain size
431and deposition time

432Figure 5a–e shows the SEM images of the Fe3O4

433particles in different deposition periods, with a fixed

434current density of 1.0 mA cm-2. The grain size of the

435deposited particles increases with the deposition time

436of (a) 50 s, (b) 100 s, (c) 200 s, (d) 400 s, and (e) 800 s,

437respectively. The aggregation of Fe3O4 particles can

438be found due to the continued growth of particles

439and results in the formation of large Fe3O4 poly-

440crystalline clusters once the a-Si:H substrate is com-

441pletely covered with Fe3O4. Prolonging deposition

442duration leads to thick and dense magnetite deposits,

443as shown in Fig. 5e. The average grain size of parti-

444cles in the micropattern is linearly proportional to the

445deposition time, as shown in Fig. 5f.

446Grain size analysis in one T 3 T area

447In this work, Fe3O4 NPs with different morphologies

448including tetragonal and irregular polyhedrons were

449synthesized. In particular, tetrahedral Fe3O4 NPs are

450featured with the regular shape, smooth surface and

451good crystallization [43]. Figure 6a shows the SEM

452images of Fe3O4 NPs fabricated on the a-Si:H sub-

453strate by LIED method in one T 9 T area. The

454applied current density is 1.0 mA cm-2 with the

455deposition time of 100 s. Software Image J and soft-

456ware Origin were used to calculate the grain sizes of

457NPs. The longest axis of NPs with the good contrast

458between the crystallization area and the substrate in

459SEM images was measured using Image J, and the

460results were collected and plotted by Origin software,

461as shown in Fig. 6b. The calculated mean size of NPs

462was 66.8 nm. It can be seen that the LIED method is

463able to fabricate patterned NPs with a near Gaussian

464distribution of grain sizes, giving an integrated

465method to control MNP morphology and localization

466on the surfaces with interference patterns.

467Clearly, the LIED method could be improved by

468reducing the period of laser interference pattern to
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469 nanoscales. The minimum period of the interference

470 pattern is the half-wavelength of incident light. Laser

471 interference can make different patterns, e.g., dot

472 arrays with nanoscale precision can be generated by

473 two identical exposures. Besides fabricating

474 micropatterned Fe3O4 NPs, the LIED method is able

475 to fabricate other MNPs or metal NPs such as copper,

476 gold, CoPt and FePt with corresponding electrolytes.

477Conclusions

478In this work, a large area of periodically micropat-

479terned Fe3O4 NPs was fabricated by LIED method.

480Fe3O4 NPs in a periodical pattern of 5-lm line arrays

481were synthesized on the hydrogenated amorphous

482silicon photoconductive cathode during the elec-

483trodeposition controlled by two-beam laser interfer-

484ence irradiation. The pattern of Fe3O4 NPs was

Figure 4 a Curves of potential versus time from the CP

measurement under the applied current densities from (c–g):

(c) 0.5 mA cm-2, (d) 0.8 mA cm-2, (e) 1.0 mA cm-2,

(f) 1.5 mA cm-2 and (g) 2.0 mA cm-2, respectively. b SEM

micrograph of bare a-Si:H substrate before deposition. c–g SEM

micrographs of Fe3O4 NPs with an area of 2T 9 2T.
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Figure 5 Morphologies of Fe3O4 particles at different deposition

periods: a 50 s, b 100 s, c 200 s, d 400 s and e 800 s,

respectively, with the current density of 1.0 mA cm-2 and the

area of 2T 9 2T. f Average grain sizes of Fe3O4 particles as a

function of deposition time in (a–e).

Figure 6 a SEM images of patterned Fe3O4 NPs fabricated by LIED method in an area of T 9 T. b Counts of different grain sizes of

Fe3O4 NPs within the area of (a).
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485 controlled by the interferometric laser pattern, and

486 the nucleation and growth of Fe3O4 NPs were con-

487 trolled by the laser interference intensity and elec-

488 trochemical deposition conditions of the applied

489 potential and deposition time. The experimental

490 results have shown that periodical micropatterns and

491 grain sizes of Fe3O4 NPs can be fabricated in a con-

492 trollable way with the LIED method. This work

493 provides a one-step approach in fabricating a large

494 area of periodically micropatterned MNPs for dif-

495 ferent potential applications.
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