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 ABSTRACT: Silicon nanoparticles of 1−5 nm size (SiNPs) were synthesized by a bottom-up (BU) approach involving a chemical wet method. The contribution of diﬀerent emitters to the overall excitation−emission matrix was analyzed on the assumption that pure substances existing in a unique form show an excitation wavelength-invariant emission spectrum. The occurrence of emitters diﬀering in size and aggregation was supported by transmission electron microscopy (TEM), small-angle X-ray scattering (SAXS), timeresolved single photon counting, and time-resolved anisotropy experiments. The eﬀect on photoluminescence (PL) of the particle surface oxidation as a result of aging is studied and compared to that of surface oxidized particles obtained by a top-down (TD) approach following an electrochemical method with HF etching. Surface oxidation to SiOx seems to introduce two diﬀerent eﬀects on the SiNP PL. An emission originated in surface states associated to SiOx was identiﬁed and observed for SiNPs synthesized by both BU and TD approaches. Blue-shifted excitation−emission spectra associated to a silicon core in embedded SiOx nanostructures were also identiﬁed. Theoretical studies were carried out to help understand the observed results.
 
 S
 
 Table 1. Average Particle Size and Emission Maximum for SiNPs Obtained by Diﬀerent Synthetic Routes
 
 ilicon nanoparticles of 1−5 nm size (SiNPs) received great attention, as they combine size-dependent photoluminescence (PL) with the richness of silicon surface chemistry.1 The momentum requirements which make bulk Si a rather ineﬃcient light emitter are relaxed in the 1−5 nm size silicon crystals as a result of quantum conﬁnement eﬀects.2 The optical emission properties of these chromophores can be tailored by suitably adjusting the height and width of the potential that conﬁnes electrons and holes. In spherically shaped colloidal dots, the band gap and oscillator strength can be tuned by variation of the diameter.3 Silicon in the form of small structures shows a special interest because it is promising for light-emitting optoelectronics,4 for photonics,5 for light emitters in biological labeling,6 and as photosensitizers of singlet oxygen.7 Silicon nanoparticles can be produced by comparatively simple methods. The synthesis procedures include electrochemical HF-mediated etching of crystalline Si wafers to yield porous silicon and further dispersion of the particles by ultrasound,8 gas-phase synthesis,9,10 and chemical reaction of Si precursors in solution.11−14 However, signiﬁcant diﬀerences are reported in the room-temperature PL of apparently similar particles obtained by diﬀerent synthetic routes, as depicted in Table 1. The wave functions of electrons and excitons in silicon nanoparticles of sizes smaller than the Bohr radius in bulk silicon (∼ 4.5 nm) are delocalized over the nanoparticle © 2012 American Chemical Society
 
 synthesis procedure
 
 average size/nm
 
 λemmax(λexc)/nm
 
 anodic etched porous silicon8
 
 1
 
 320 (270) 380 (320)
 
 argon/silane in a continuous ﬂow atmospheric-pressure microdischarge reactor10 SiCl4 reduction in the presence of micelles11,12 SiCl4 reduction in the presence of micelles13 metathesis of sodium silicide with NH4Br14
 
 1.6
 
 420 (360)
 
 1.6 ± 0.2 1.8 ± 0.2
 
 280−290 (260) shows peaking 335 (290)
 
 3.9 ± 1.3
 
 438 (360−400)
 
 surface coverage H-capped or methyl esterfunctionalized octyl-capped
 
 alkylfunctionalized 1-heptylcapped octyl-capped
 
 volume.2,15 Therefore, the optical properties are sensitive not only to the size of the particles but also to the surface chemistry, network distortion, and geometry of the structures.15 The diﬃculty in controlling these parameters during synthesis may introduce variability and contradiction within the results reported by diﬀerent groups. The important role of surface reconstruction and composition in determining the PL Received: December 7, 2011 Revised: May 3, 2012 Published: May 3, 2012 11315
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 holders. Spectra were taken in the 4000−400 cm−1 range with 4 cm−1 resolution and corrected for the background signal. The attenuance spectra were recorded with a double-beam Shimadzu UV-1800 spectrophotometer in a 1 cm quartz cuvette at a scan rate of 300 nm/min. The nanoparticle light scattering is calculated by ﬁtting the 450−800 nm range attenuance to a × λ−4.24 The corrected absorbance spectrum is obtained by subtraction of the scattering from the measured attenuance spectrum. Room-temperature luminescence measurements were performed with a JOBIN-YVON SPEX FLUOROLOG FL3-11 spectrometer equipped with a Xe lamp as the excitation source, a monochromator for selecting the excitation and emission wavelengths (both with 1 nm bandpass gap), and a red sensitive R928 PM as detector. All spectra were corrected for the wavelength-dependent sensitivity of the detector and the source by recording reference data simultaneously. Additionally, emission spectra were corrected for Raman scattering by using the solvent emission spectrum. To estimate the emission quantum yield (Φ) of the synthesized Si nanoparticles,25 PL emission spectra were collected at various excitation wavelengths. Identical measurements (excitation conditions, lamp energy, and spectrometer band-pass) were performed on 9,10diphenylanthracene in cyclohexane, which emits between 400 and 500 nm with a known eﬃciency of 90% upon 275−405 nm excitation.26 Luminescence lifetime and anisotropy measurements were performed with a TCSPC (time-correlated single-photon counting) with LED excitation at 341 and 461 nm. Timeresolved emission spectroscopy (TRES) was performed, and results were ﬁtted to an exponential model until optimal values of Chi square, residuals, and standard deviation parameters were attained. The emission spectrum associated with each lifetime may be obtained taking the contribution of each decay lifetime to the overall emission at a given wavelength, weighted by the emission intensity at the emission maximum. Samples for transmission electron microscopy, TEM, were prepared by dipping a carbon-coated 300-mesh copper grid into a SiNP suspension in toluene and the solvent evaporated in air. TEM micrographs were taken with either a Phillips CM10 or a JEOL 2010 F microscope. Images were analyzed employing the Image Tool 3.0 software (Health Science Center of the University of Texas, San Antonio, USA). Particle diameters were determined assuming that the particle area obtained from the TEM images is the projection of a spherical particle. The X-ray photoelectron spectroscopy (XPS) spectra were obtained under UHV with a XR50 Specs GmbH spectrometer with Mg K(α) as the excitation source and a PHOIBOS 100 half sphere energy analyzer. Calibration was performed with Au 4f 7/2 (binding energy, BE, 84.00 eV) and with C 1s and N 1s internal standards with BE of 284.6 and 401.5 eV, respectively (see Supporting Information XPS spectra). Small-angle X-ray scattering (SAXS) experiments were performed using the D02B-SAXS1 beamline of the Laboratorio Nacional de Luz Sincrotron (Campinas, Brazil). The sample-todetector distance was set to 594 mm, and the working wavelength was 0.1608 nm. The sample temperature was kept at 22 °C using a circulating-water bath. Two parallel micas were used as windows deﬁning an optical-path sample chamber of 1 mm. A CCD detector (MarCCD) was used to obtain 2D scattering patterns. SAXS data (I(q) vs q, with the scattering vector q = 4π sin(θ)/λ, λ being the photon wavelength and θ
 
 characteristics of the 1 nm particles is well described by theoretical studies which consider molecular-like energy levels.16,17 Surface oxidation is suggested to introduce defects, most likely located at the interface between the Si nanocrystals and the surrounding SiO2 matrix.18 These surface states were proposed to play an important role in the emission process.19,20 The evidence in the literature indicates that while the excitation photons are absorbed by the Si semiconductor nanocrystal the emission may not be due mainly to electron−hole recombination as the nanocrystal morphological structure and the surrounding matrix optical properties also inﬂuence the luminescence process.21 The relation between quantum conﬁnement eﬀects and surface states is suggested to determine the visible PL in nanocrystallites,22 as reported for silicon nanoparticles of 1−1.5 nm size showing blue (3.0 eV) PL for H-terminated SiNPs and yellow-red emission (2.0 eV) after particle oxidation.17 The latter eﬀect due to the surface oxidation of the particles is opposite to that predicted by a quantum size model which considers that mainly the number of Si atoms in the core and the nanocrystal shape of the particle are responsible for the PL,3 in agreement with the work reported by Hua on the oxidation of 5 nm particles.9 The presence of oxygen in the particle structure is an evident reason for discrepancy as the origin and magnitude of these diﬀerences remain unclear. Since particle aging invariably leads to its oxidation, any technological use of the particles requires the understanding of its eﬀect on the PL properties of SiNPs. Herein we report the PL properties of SiNPs synthesized by a bottom-up (BU) approach and the eﬀect on PL of surface oxidation to SiOx as a result of particle aging. The PL of the BU-oxidized particles is compared to that of surface-oxidized particles obtained by a top-down (TD) approach. Theoretical calculations were carried out to support the discussion on the eﬀects of surface SiOx and network distortion on the particle PL.
 
 ■
 
 MATERIALS AND METHODS Materials. Toluene (99.7%, H2O 0.005%), SiCl4 (99%), ethyl ether (p.a. 99.9%), LiAlH4 (95%), and tetraoctylammonium bromide (98%) were purchased from Sigma-Aldrich and employed without further puriﬁcation. Deionized water (>18 MΩ cm, < 20 ppb of organic carbon) was obtained with a Millipore system. Argon (4 bands quality) and oxygen gas were ́ both from La Oxigena S.A., Argentina. SiNP Synthesis. Silicon nanoparticles were obtained in the laboratory by two diﬀerent approaches. The BU-approach synthesis involved an adaptation of the LiAlH4 reduction of SiCl4 in the presence of tetraoctylammonium bromide (TOAB) reversed micelles reported by Rosso-Vasic.11,13 Even after a tough puriﬁcation workup, the samples remained partly contaminated with TOAB. The particles were allowed to age upon standing in an air-saturated toluene suspension in the dark for several weeks. Freshly prepared particles by BU synthesis are referred to as BUSiNP. On the other hand, the TD-approach involved an adaptation of the electrochemical method with HF etching of porous Si, which yields SiNPs covered by a SiOx layer.23 These particles are referred to as TDSiNP. See Supporting Information Particle Synthesis for details. Equipment. FT-IR spectra were obtained with a Thermo Scientiﬁc Nicolet 380 FT-IR Spectrometer using KBr disks as 11316
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 half the scattering angle) were obtained from azimuthal integration of the 2D scattering pattern. Corrections for parasitic scattering, dark signal, integrated current, and solvent signal were treated in the usual way. Data were analyzed using the low-q Guinier approximation or by obtaining their Pair Distance Distribution Function (PDDF) by means of indirect Fourier transformation methods implemented in the software GNOM 4.5.27 Bilinear Regression Analysis. A bilinear regression analysis taking advantage of the linearity of the emission wavelength with both the excitation wavelength and the factor reﬂecting the distribution of the probability of the various transitions from the lowest vibrational level of the ﬁrst electronic excited level to the various vibrational levels of the ground state was applied to the experimental emission matrix. The analysis retrieves information on the minimum number of species and on their relative emission and absorption spectra. See Supporting Information Bilinear Regression Analysis for further details. Modeling and Computational Methods. Geometry optimization of naked, H- and O-terminated SiNPs were carried out using the density functional tight binding (DFTB) method28 with the aid of the DFTB+ program,29,30 which allows SCC-DFTB calculations. Geometries are considered converged when the maximum element of the gradient vector of the energy with respect to nuclear coordinates is 100 silicon atoms are involved in a disordered surface network as a consequence of oxidation. Therefore, a surface-localized transition giving rise to E4 emission is supported by the present results, as also
 
 ■
 
 CONCLUSION
 
 Silicon nanoparticles with an average diameter of 1.7 ± 0.8 nm were synthesized using inverse micelles and powerful hydride reducing agents. Freshly synthesized SiNPs showed excitation wavelength-dependent emission. The contribution of diﬀerent emitting species to the overall excitation−emission matrix was analyzed and attributed to the direct e−h recombination in the silicon nanocrystals across the Γ−Γ direct gap. Silicon surface oxidation to SiOx seems to introduce two diﬀerent eﬀects on the SiNP emission. An excitation−emission spectrum originated in surface states associated to SiOx was identiﬁed and corroborated in similar studies with oxidized top-down electrochemically synthesized SiNPs. On the other hand, blue-shifted emission−excitation spectra associated to the ﬁnite barrier eﬀective mass model of the silicon core in embedded SiO2 nanostructures were also identiﬁed. Two important observations deserve further detailed study: the reversible quenching of luminescence by surface adsorbed particles (i.e., molecular oxygen and surfactant) and the shift of the luminescence to the red upon particle agglomeration. The ﬁrst eﬀect, which is a consequence of the high speciﬁc surface of the particles enhancing energy transfer processes to adsorbates, might be of importance for the use of the particles as radio- and photosensitizers in biological applications upon the selection of suitable acceptors.7 The second eﬀect might be a drawback when using the particles as optical sensors in media where agglomeration is favored. 11323
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