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Chapterr 4 

White-lightt emission from silicon nanograms 

Abstract t 

AA new method for the preparation of a silicon nanograins-containing gel by mechanical ball 

millingmilling and a sol-gel process is introduced. Starting from the silicon bulk material, silicon 

nanograinsnanograins have been fabricated by mechanical ball milling followed by sedimentation and other 

segregationsegregation steps in order to select only the smallest nanograins that are suspended in the 

sedimentationsedimentation solution. Characterization of the nanograins has been carried out and the light-

emittingemitting properties of the silicon-containing silica gel have been investigated. Intense, white-blue 

photoluminescencephotoluminescence is observed by the naked eye from the silicon nanograins-containing gel under 

anan UV excitation of 365 nm at room temperature. The photoluminescence intensity and peak 

positionposition are found to be sensitive to heat treatment, both the temperature and the time. It is 

suggestedsuggested that the observed photoluminescence is induced by the existence of silicon nanograins 

withwith crystalline cores embedded in the silica gel. However, it is also tentatively concluded that the 

luminescenceluminescence is not related to transitions across a silicon band gap enlarged due to size 

confinementconfinement in the crystalline nanograins. 
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4.11 Introduction 

Silicon,, the major semiconductor in the microelectronics industry, has been considered to 

possesss limited suitability for optoelectronic applications mainly due to its narrow and indirect 

electronicc band-gap structure, which limits the emission energies range and the efficiency as a light 

emitter.. For practical applications like laser manufacture, telecommunication, and other 

optoelectronicc devices, scientists investigate II-VI or III-V semiconductor compounds, such as 

GaAs,, GaP, GaN, and InGaAsP. The light emission efficiency is much higher in these materials, 

however,, they are significantly more expensive and challenging for integration into silicon 

integratedd circuits. 

Thee discovery of bright photoluminescence from porous silicon has increased research 

effortss directed to the fabrication of efficient silicon-based light-emitting diodes (LEDs). However, 

thee use of porous silicon has been limited due to instability of its optical properties and mechanical 

fragility.. In the search for alternative light-emitting materials, silicon-based porous-like materials 

aree promising because they keep the interesting properties of porous silicon and can be more easily 

integratedd in the conventional production. It has recently been found that regular structures with 

quantumm layers, wires, and quantum dots can be good alternatives for porous silicon. Molecular 

beamm epitaxy (MBE) grown or sputtered Si/SiC>2 superlattices that have been investigated 

intensivelyy in thee last few years are good examples of quantum layer structures. Quantum wires are 

realizedd by the silicon nano-pillars. Annealing of compositional SiOx (x<2) superlattices can result 

inn quantum dot structures. Another promising approach is to embed silicon at an atomic scale into 

ann isolator matrix such as SiC>2. 

Inn this chapter we report on investigations of silicon nanocrystals prepared by a new 

method.. Starting from silicon bulk materials, silicon nanograms have been fabricated by 

mechanicall  ball milling followed by sedimentation, centrifugation, etc., to select the smallest 

nanograms.. The obtained silicon nanograms are then encased in silica gel by a sol-gel process. 

Furtherr heat treatment to modify the size of the nanograms can be easily carried out in this 
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environment.. In this chapter we present a first report on the light-emitting properties of this silicon-

containingg silica gel under various excitation conditions. 

4.22 Experiment 

Forr the production of silicon nanocrystals, the ball milling method has been applied. The 

detailedd description of the manufacturing of silicon nanocrystals can be found in Chapter 2 and 

publicationss [4.1, 4.2]. SEM images of obtained powders gave information about size distribution 

off  the silicon nanocrystals. Ball milling followed by sedimentation steps produces silicon 

nanocrystalss with the diameters below 60 nm with the maximum in the size distribution at around 

300 nm. 

Silicaa gels doped with the silicon nanoparticles were prepared by the sol-gel process using 

tetraethylorthosilicatee (TEOS), Si(OC2H5)4. The chemical substances as used were: Si(OC2Hs)4, 

nanoparticless of silicon (obtained from the above-described process), ethanol (C2H5OH), water, and 

nitricc acid (HNO3). The ethanol, containing the nanoparticles of silicon, was used as solvent of the 

sol-gell  process. The TEOS was first hydrolyzed for 4 hours at 72 °C with a solution of H2O and 

C2H5OHH (containing nano-silicon particles) in the molar ratios TEOSiH^O^HsOH = 1:4:4. 

Finally,, the obtained homogeneous sol, which contains nano-silicon particles was hydrolyzed by 

addingg the mixed solution of H2O, HNO3, and C2H5OH. The sol was divided into two parts, one 

partt was poured into a bowl for making a bulk sample, and another part was used to make a thin 

filmfilm  by a spinning method. The bulk and thin-film samples then were annealed at high temperatures 

too evaporate the solvent, water, and acid, to burn the organic substances and mainly to reduce the 

sizee of the silicon nanograins by formation of a SiC>2 layer covering the crystallite silicon core. 
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4.33 Results 

4.3.11 Size and crystalline characterization of ball-milled silicon nanocrystals 

Thee characterization of silicon nanograms was carried out at each stage of the sample 

preparationn process. The silicon nanocrystals were investigated directly after the mechanical ball-

millingg step, and after sedimentation and centrifuging steps. In both cases the TEM imaging and X-

rayy diffraction prove that the material is perfectly crystalline. The actual size distribution was 

determinedd from SEM and TEM images. The sedimented and centrifuged Si nanocrystals are much 

smallerr in size in comparison with the as-milled material. The finest fraction of Si nanocrystals has 

sizee distribution between 10 and 60 nm with the average size of 30 nm. Further size reduction of 

siliconn grains was carried out by oxidation in air at temperatures in the range from 600 to 1000 °C. 

Thee shrinkage of Si core due to Si02 growth was monitored by TEM. 

4.3.22 Optical characterization of as-milled nanograins and nanograins-

containingg gel 

Alll  the photoluminescence (PL) experiments have been performed at room temperature. 

Threee excitation sources were available: the ultra-violet (UV) X = 365 nm excitation, N2 laser 

excitationn X = 337 nm, and He-Ne laser excitation X — 630 nm. The Raman spectroscopy 

experimentt was performed at room temperature under He-Ne laser excitation. 

Thee optical measurements have been performed on our samples for both the milled Si 

nanocrystalss and the nanograins-containing silica gel. The Raman and PL spectra for the as-milled 

Sii  nanocrystals are shown in figure 4.1. The Raman spectrum as shown in figure 4.1(a) has two 

peakss at 521 cm"1 and 490 cm"1, respectively, featuring for the bulk crystalline phase of silicon and 

thee amorphous phase of SiC>2. No shift of the 521 cm"1 Raman line is observed for this sample. 

Suchh a shift between bulk and nanocrystalline material would be expected for silicon nanocrystals 
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smallerr than 5 nm according to experimental evidence [4.3, 4.4] and theoretical expectations [4.5]. 

Thee PL spectrum shows a broad band in the near infrared from around 740 to 900 nm - figure 

4.11 (b). This is the typical PL band observed in the milled silicon powder and has been interpreted 

ass due to the special local environment of defects existing on the interface of powder and SiÜ2 

surfacee layer [4.6, 4.7]. 
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Fig.Fig. 4.1. Room-temperature Raman and photoluminescence spectra of the as-milled nanograms, 

(a)(a) Raman spectrum, (b) photoluminescence spectrum excited by UVlight at 337 nm. 
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Fig.Fig. 4.2. Photoluminescence spectrum measured at room temperature of the Si nanograins-

containingcontaining gel after heat treatment at 600 °C for 10 minutes (a) under UV A = 365 nm excitation 

alsoalso showing, for comparison, PL from porous silicon, (b) He-Ne laser excitation at X = 630 nm. 
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Beforee heat treatment no PL emission was observed from the nanograins-containing silica 

gell  in the visible region. After a heat treatment at 600 °C for about 10 minutes, an intensive PL 

visiblee by human eye, was observed, as shown in Figs. 4.2. The PL peaks at A = 427 nm (2.90 eV) 

underr excitation in the UV region at X = 365 nm. To demonstrate the brightness of the blue-white 

photoluminescence,, we also show in figure 4.2(a) the visible red photoluminescence spectrum of a 

typicall  porous silicon sample. Under the excitation at 630 nm, another PL peak at X = 698 nm was 

observedd in the same nanograins-containing silica gel sample, see figure 4.2(b). The intensity of 

thiss red PL band is rather weak; about two orders weaker than that of the X = 427 nm band. We 

concludee that the high-temperature annealing has resulted in PL emission in the range of visible 

light. . 

II i i i I 
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Fig.Fig. 4.3. Room-temperature Raman spectra of the as-milled grains (521 cm ) and the nanograins-

containingcontaining silica gel after annealing at 900 Cfor 1 hour (519.7 cm ) and for 4 hours (506 cm ) . 
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Fig.Fig. 4.4. (a) Dependence of the PL in the 698 nm band on annealing for 5, 20, and 120 minutes at 

temperaturetemperature Ta„„ eai = 900 °C, excitation at 630 nm. (b) Decrease of the 427 nm emission upon 

annealingannealing for 10 minutes at the successive temperatures of 600 to 900 °C, excitation at 365 nm. 
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Furtherr investigation of the nanograins-containing silica gel shows that by variation of the 

oxidationn time, we were able to change the thickness of the surrounding SiCh layer, in this way the 

coree of nanograms could be shrinked. As a consequence of the nanograms size distribution the 

observedd PL spectrum covered a wide range of emission from ultra violet to visible light. The 

nanogramss size reduction can be measured by Raman spectroscopy. The room-temperature Raman 

spectraa of me as-milled grains, the nanograins-containing silica gel after annealing in air at 900 °C 

forr 1 hour and for 4 hours are given in figure 4.3. It is clear that by prolonging the oxidation time, 

thee Raman peak of the TO vibration mode at 521 cm"1 has shifted toward the lower wave number 

regionn indicating the average size reduction of the crystalline silicon core [4.3]. 

Thermall  annealing affects the PL spectra observed from the nanograins-containing silica 

gel.. Figure 4.4(a) shows the annealing time dependence of the PL spectra of the 698 nm band and 

figuree 4.4(b) shows the annealing temperature dependence of the PL spectra of the 427 nm band. 

Ass shown in figure 4.4(a) the 698 nm PL band is observable even after the gel was heat treated at 

9000 °C for 2 hours. It is observed that the intensity of the 698 nm band decreases upon anneal for 5, 

20,, and 120 minutes at 900 °C, but no shift in its wavelength occurs. After the 20 minutes anneal 

stagee a new PL band peaking around 660 nm appeared. The 427 nm PL band - figure 4.4(b) -

decreasess its intensity upon increment of the annealing temperature. Simultaneously, a multiband 

formationn can be observed when the annealing temperature reaches T= 800 or 900 °C. 

4.44 Discussion 

Thee samples as investigated, consisting of crystalline silicon nanoparticles, surrounded by 

oxidee layers of various thicknesses, embedded in silica gel, have a clear heterogeneous structure. 

Followingg the discussion of Chapter 1 - see section 1.2 and figure 1.1 - a first step in the 

discussionn is therefore the identification of the region from which the luminescence originates. 

Here,, we adopt a simple three-region model. 
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Althoughh the silicon nanograms are the most distinguishing feature of the new material, 

mostt likely they do not provide the light-emitting properties directly themselves. The experiments 

ass discussed in Chapters 2 and 3 of this thesis have indicated an increase of their band gap energy 

byy £(meV) = 4380/[d(nm)]1'. With an average size d = 30 nm of nanoparticles, the widening of the 

bandd will be of order 100 meV. This will only allow light emission from electron-hole or exciton 

recombinationn or from defect levels in the infrared range. The visible light at X = All and 698 nm, 

withh the energies 2.90 and 1.77 eV, respectively, cannot be generated in this still too narrow gap. 

Accordingg to an effective-mass calculation the band gap energy changes from 1.3 eV for 10 nm to 

2.00 eV for 4 nm grain diameter [4.8, 4.9]. In many experimental research reports it is confirmed 

thatt visible light emission based on gap enlargement due to size confinement requires particles with 

thee size below 4 nm [4.10-4.12]. For particles of size larger than 10 nm, as available in our 

experiments,, the band gap is indirect, as in bulk material, with very ineffective carrier 

recombinationn rates. Upon thermal anneal in air the size of the nanoparticles will shrink. This 

processs is, e.g., demonstrated by the shift of Raman lines as shown in figure 4.3, revealing the 

growthh of silicon dioxide or suboxide material at the expense of crystalline silicon. In case of size 

confinementt the decrease of silicon particle size is accompanied by blue shift of the luminescence 

[4.13].. In the experiments as shown in figure 4.4, however, the emission energy does not change, 

overr the major part of the anneal treatment, denying an effect of the confinement mechanism. 

Itt is also considered that luminescence is not directly produced by the silica gel, constituting 

thee second major component in the sample material. Silica gels prepared without the addition of 

siliconn nanoparticles do not show the reported luminescence spectra peaking at 427 or 698 nm. 

Onn the basis of this process of elimination it is concluded that the luminescence will find its 

sourcee in the intermediate silicon oxide SiOx, x < 2, layers, or their interfaces with the silicon 

nanoparticless or silica gel [4.14, 4.15]. As the insulator oxide has a gap around 8 eV, the 

opportunityy for white-light emission is present. As this material is not crystalline, there will exist 

manyy electron levels due to intrinsic structural defects [4.16]. Defects which have often been 

observedd to exist are the well-known E' center in silicon dioxide, the neutral oxygen vacancy 
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(NOV)) and the so-called non-bridging oxygen hole center (NBOHC) [4.15, 4.17-4.20]. These 

defectss can also bind excitons. Our EPR experiments did not provide any evidence for the presence 

off  impurities, such as transition metals. A specific defect identification is not possible on basis of 

thee present experiments. The observed absence of change of luminescence energy upon thermal 

treatmentt is consistent with a defect-related emission mechanism. The reduction of luminescence 

intensityy upon thermal anneal is related in an obvious way to relaxation of the structure at elevated 

temperaturess reducing and eventually removing the optically active centers. Alternatively, or 

additionally,, the reduction of interface volume due to shrinkage of the nanoparticles is another 

reasonn for weakening the luminescence. 

Thee complexity of the geometrical and compositional structures, with many parameters 

relevantt for their physical properties, explains the existing lack of commonly accepted 

denominationss between several publications reporting on experiments in this field. It will require 

concertedd systematic investigations with several techniques applied to gain control over the basic 

processess for the important phenomenon of visible-light generation in silicon-based materials. 

References s 

[4.1]]  B.J. Pawlak, T. Gregorkiewicz, C.A.J. Ammerlaan, W. Takkenberg, F.D. Tichelaar, and 

P.F.A.. Alkemade, Phys. Rev. B 64, 115308 (2001). 

[4.2]]  T.D. Shen, I. Shmagin, C.C. Koch, R.M. Kolbas, Y. Fahmy, L. Bergman, R.J. Nemanich, 

M.T.. McClure, Z. Sitar, and M.X. Quan, Phys. Rev. B 55, 7615 (1997). 

[4.3]]  Z. Sui, P.P. Leong, LP. Herman, G.S. Higashi, and H. Temkin, Appl. Phys. Lett. 60, 2086 

(1992). . 

[4.4]]  R. Tsu, H. Shen, and M. Dutta, Appl. Phys. Lett. 60, 112 (1992). 

[4.5]]  I.H. Campbell and P.M. Fauchet, Solid State Commun. 58, 739 (1986). 

[4.6]]  S.M. Prokes and O.J. Glembocki, Phys. Rev. B 49,2238 (1994). 

81 1 



ChapterChapter 4 

[4.7]]  L.Z. Zhang, B.Q. Zong, B.R. Zhang, Z.H. Xu, J.Q. Li, and G.G. Qin, J. Phys. Condens. 

Matterr 7, 697 (1995). 

[4.8]]  T. Takagahara and K. Takeda, Phys. Rev. B 46, 15578 (1992). 

[4.9]]  C. Delerue, G. Allan, and M. Lannoo, Phys. Rev. B 48, 11024 (1993). 

[4.10]]  G. Ledoux, J. Gong, F. Huisken, O. Guillois, and C. Reynaud, Appl. Phys. Lett. 80, 4834 

(2002). . 

[4.11]]  P. Mutti, G. Ghislotti, S. Bertoni, L. Bonoldi, G.F. Cerofolini, L. Meda, E. Grilli , and M. 

Guzzi,, Appl. Phys. Lett. 66, 851 (1995). 

[4.12]]  Q. Zhang, S.C. Bayliss, and D.A. Hurt, Appl. Phys. Lett. 66, 1977 (1995). 

[4.13]]  Y. Osaka, K. Tsunetomo, F. Toyomura, H. Myoren, and K. Kohno, Jpn. J. Appl. Phys. 31, 

L3655 (1992). 

[4.14]]  Y. Kanemitsu, T. Ogawa, K. Shiraishi, and K. Takeda, Phys. Rev. B 48, 4883 (1993). 

[4.15]]  T. Shimizu-Iwayama, K. Fujita, S. Nakao, K. Saitoh, T. Fujita, and N. Itoh, J. Appl. Phys. 

75,, 7779 (1994). 

[4.16]]  G.H. Li, K. Ding, Y. Chen, H.X. Han, and Z.P. Wang, J. Appl. Phys. 88, 1439 (2000). 

[4.17]]  K. Kim, M.S. Suh, T.S. Kim, C.J. Youn, E.K. Suh, YJ. Shin, K.B. Lee, H.J. Lee, M.H. An, 

H.J.. Lee, and H. Ryu, Appl. Phys. Lett. 69, 3908 (1996). 

[4.18]]  A.J. Kenyon, P.F. Trwoga, C.W. Pitt, and G. Rehm, J. Appl. Phys. 79, 9291 (1996). 

[4.19]]  H.Z. Song, X.M. Bao, N.S. Li, and X.L. Wu, Appl. Phys. Lett. 72, 356 (1998). 

[4.20]]  J.Y. Zhang, X.M. Bao, N.S. Li, and H.Z. Song, J. Appl. Phys. 83, 3609 (1998). 

82 2 


