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Chapterr 3 

Bandd structure perturbation in silicon nanocrystals: 
electronn paramagnetic resonance investigations 

Abstract t 

SizeSize confinement phenomena, i.e., perturbations of silicon band structure, are usually investigated 

byby optically related techniques. Here for the first time electron paramagnetic resonance is applied 

inin order to monitor the perturbation of the conduction band selectively. In the present investigation 

thethe symmetry properties of the shallow donor phosphorus in silicon are monitored. The extended 

charactercharacter of the phosphorus wave function makes this center sensitive to even slight conduction 

bandband modifications. Therefore this method turns out to be proper for research conducted on 

relativelyrelatively large crystals of the order of 30 - 100 nanometers as were prepared by ball milling and 

sedimentation.sedimentation. An empirical formula for the conduction band upshift has been obtained by a fit to 

experimentalexperimental data. A comparison is made between the perturbation of the conduction band with the 

valencevalence band and also with the enlargement of the total energy band gap. 
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3.11 Introduction 

Significantt size-related phenomena on impurities in materials are found when the 

characteristicc radius of bound carriers is comparable with the dimension of the nanocrystal. For 

shalloww impurities in silicon the effective Bohr radius of electrons and holes in their ground state is 

aa few nanometers. Confinement effects are therefore expected to be manifest in nanocrystals in the 

correspondingg range of sizes. A typical method of investigation size confinement related 

phenomenaa is optical spectroscopy, both photoluminescence and infrared absorption. The main 

drawbackk of the optical approach is contamination of the spectra by spurious emissions or 

absorptionss originating in the surfaces of the nanocrystals. One of the efficient ways to reduce the 

effectt of the surface is termination of silicon bonds by the growth of a native oxide. An alternative 

approachh for the investigation of size confinement phenomena is to apply a different experimental 

techniquee that is sensitive selectively to the bulk properties of the material, rather than to the 

Si/Si022 interface. Here we present experiments done by electron paramagnetic resonance on the 

phosphoruss shallow donor. The main drawback of optical measurements, disruption by the large 

surface-to-volumee ratio, is reduced significantly in magnetic resonance. In the current investigation 

wee present evidence of a smooth transition between bulk and nanocrystalline properties of silicon. 

3.22 Electron paramagnetic resonance 

Electronn paramagnetic resonance (EPR) has been up til l now widely used to investigate 

defectss in bulk crystals. A typical size of a bulk silicon sample for the K-band spectrometer that 

wass used in our laboratory is 12 mm x 1.5 mm x 1.5 mm. A standard way to introduce 

paramagneticc centers was in-diffusion at high temperature. In case of silicon nanocrystals, the 

defectss - phosphorus donors - come from the original silicon wafer. The nanoparticle sample was 

storedd in capillaries and placed in the resonant cavity. The measurements were performed at a 

temperaturee of T= 4.2 K in a superheterodyne EPR spectrometer operating at v- 23 GHz in the K-
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microwavee band and tuned to detect the dispersive part of the signal. Microwaves penetrate the 

entiree sample material offering information about modified behavior of phosphorus due to the 

reducedd size of the crystal. 

3.33 Phosphorus in silicon - shallow donor center 

Electronn paramagnetic resonance was used to observe modification of the electronic 

structuree of the phosphorus impurity. Substitutional phosphorus in silicon forms a shallow donor 

centerr well described by the effective-mass theory (EMT). According to the EMT the electronic 

wavee function has an extended character with a large typical radius given by the effective Bohr 

radiuss r&  = affi^mjm  ̂ ~ 2 nm. In the expression a0 is the hydrogenic Bohr radius a0 = 0.0529 nm, 

£rr = 12 is the relative dielectric constant of silicon, and me ~ 0.3mo an average mass of a conduction 

bandd electron. The extended character of its electronic wave function renders this center a sensitive 

monitorr of variations of the electronic structure of the conduction band minimum. The phosphorus 

donorr in bulk silicon is paramagnetic in its neutral charge state P° and is well studied by EPR. It 

hass cubic symmetry, hence an isotropic EPR spectrum, which is advantageous for the present case 

wheree randomly oriented grains are investigated. From the EPR spectrum details of the wave 

functionn - spin localization on the phosphorus nucleus and mutual overlap of the neighboring 

donorss - can be concluded. At the same time the observed spectrum is exclusive for a substitutional 

donorr and therefore only the bulk of the nanocrystal is monitored. In that way the volume and the 

surfacee effects are separated. 

55 5 



ChapterChapter 3 

3.44 Experimental results on ball-milled nanocrystals and porous 
silicon n 

Siliconn nanocrystals obtained by ball milling, sedimentation, and oxidation or 

electroetchingg retain their crystalline structure. Since the production of the nanocrystals is not 

relatedd to clustering from single atoms but to size reduction of initially bulk material, the 

phosphoruss position in the lattice is not affected. From the EPR spectrum we get evidence that 

phosphoruss atoms are embedded inside of Si nanocrystals on the regular substitutional sites. 

Thee behavior of the conduction band was investigated by its influence on the phosphorus 

hyperfinee interaction. In that way the EPR technique has been for the first time applied to 

investigatee size-related effects. The EPR of the P donor in bulk Si has been extensively investigated 

inn experiment by Feher et al. [3.1, 3.2] and in theory by Kohn and Luttinger [3.3]. The spectrum is 

isotropicc with a Zeeman splitting factor g equal to 1.99850. Its structure as observed for low P 

concentrationss consists of 2 lines separated by A/{gfj%) = 4.20 mT due to the hyperfine interaction. 

Inn the experiment we measure the magnitude of the hyperfine constant A for different grain sizes. It 

iss proportional to the localization I ¥f0)l2 of electron wave function on the phosphorus nucleus and 

iss given by the Fermi contact term 

AA = (2h)MogMBgNMH\tP(0)\2, (3.1) 

inn which the symbols g and // have their usual meanings. When increasing the doping level an 

exchangee interaction between individual P impurities appears. This shows in the EPR spectrum as 

componentss developing between the hyperfine lines already at moderate concentrations [P] ~ 10 

cm"33 and originating from donor pairs and larger clusters [3.4]. The spin Hamiltonian appropriate 

forr a pair of donor atoms can be written as [3.5] 

HH = guB B(Si + S2) + AdtSi +1£2) + J(SiS2), (3.2) 
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wheree Si, Si and h, I2 are the electron and nuclear spins of the two donors, respectively, A is the 

hyperfinee interaction constant, and J is the electron exchange coupling. 

TT  1 ' 1 « 1 ' 1  r 

8244 825 826 827 828 829 
Magneticc field (ml) 

Fig.Fig. 3.1. EPR spectrum of Cz-Si:P ([P]  - 5 x 1015 cm'3) bulk, oxidized ball-milled nanocrystal 

samplesample (Si powder), and porous silicon. The hyperfine splitting in bulk material is 4.2 mT - seen in 

thethe figure as separation between the two side lines. The two hyperfine lines and small peaks 

originatingoriginating from mutual overlap between individual donors appear for the milled and oxidized 

sample.sample. The smallest nanocrystals in porous silicon give the most significant reduction of hyperfine 

splitting.splitting. In this case also hyperfine lines from the silicon substrate are clearly seen. Spectra are 

takentaken at a microwave frequency v - 23.11997 GHz. 
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Fig.Fig. 3.2. Hyperfine splitting parameter for the two series of smallest powders with ZA = 80 nm 

(indicated(indicated by '+'), and zs = 60 nm (indicated by V) after different oxidation stages versus average 

graingrain diameter d\\. For bulk silicon A/fg/is) - 4.20 mT. For powders the hyperfine parameter 

decreasesdecreases with diminishing average grain diameter. The solid line represents a fit to the 

experimentalexperimental data. The fitting parameters are further discussed in the text and give information 

aboutabout conduction band upshift. 

Att even higher concentrations ([P] > 1017 cm"3) the two-lines spectrum characteristic for an isolated 

donorr decreases considerably and a strong Lorentzian-shaped line appears in the center of the 

spectrum.. It exhibits exchange narrowing and evidences the donor-impurity band formation [3.6]. 
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Inn figure 3.1 we present EPR spectra of the bulk Cz-Si:P material, ball-milled nanocrystals, 

andd porous silicon. For the early report on EPR investigations of Si powders, see references [3.7, 

3.8].. The hyperfine lines originating from phosphorus in nanocrystalline material are shifted with 

respectt to the bulk spectrum and asymmetrically broadened toward each other, indicating a smaller 

hyperfinee interaction A. In figure 3.2 results of systematic EPR measurements of oxidized samples 

aree summarized. A gradual decrease of the hyperfine parameter A versus average silicon grain 

volumee is concluded. The correlation between average grain volume and hyperfine splitting is 

independentt on the SiC>2 thickness as observed in experiment when investigating nanocrystals of 

equall  dimension, but with different initial grain size distribution and different oxidation times. 

Interpretationn of the experimental observations in ball-milled silicon powders, i.e., the 

loweringg of the hyperfine and increase of the exchange interactions, is first examined in terms of 

explanationss alternative to size confinement. We wil l consider other mechanisms that could 

possiblyy account for the observed effects. 

Thee enhanced mutual interaction between phosphorus atoms could be explained by increase 

off  P concentration just below the surface of the nanocrystals caused by diffusion in the strain fields 

generatedd during mechanical milling, annealing, and/or oxidation. In order to investigate this 

mechanismm dedicated experiments have been performed. As a first test the non-oxidized silicon 

grainss were heat-treated in argon atmosphere. In that way grain reduction by oxidation is excluded, 

butt thermal migration is allowed. We observed no change of the EPR spectrum of P upon such a 

treatment. . 

Furtherr we investigated oxidized silicon wafers by Secondary Ion Mass Spectroscopy 

(SIMS)) [3.9]. The SIMS experiment has been described in chapter 2. For the thermal budget 

characteristicc to the silicon nanocrystals oxidation processes no significant P pile-up at the Si/SiC>2 

interfacee has been concluded. 

Anotherr possible mechanism to be considered, is the hydrogen passivation. During heat 

treatmentt there is a great chance of hydrogen penetration into silicon. Passivation could change the 

ratioo between the isolated P impurities and their complexes. When lowering the ratio of isolated 
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atomss one effectively obtains a spectrum typical for P agglomerations. Passivation of donors 

renderss them non-paramagnetic and non-detectable by EPR. Simulation of the process with equal 

probabilityy of passivation of isolated P atoms and those forming clusters reveals a drop of the 

relativee number of interacting donors, in contradiction with experiment. 

Yett another important aspect is the influence of the surface, which is known to affect the 

wavee function symmetry. The donor function in the vicinity of a grain border is confined inside the 

crystal.. Grains produced by our method are relatively large (in the range of 30 - 100 nm, as 

comparedd to the Bohr radius re = 1.7 nm) and have too small skin layer to volume ratio to elucidate 

ourr observations. Therefore also the surface influence can be neglected as a possible origin of the 

observedd changes in EPR spectrum. 

Itt is known from the literature that the growth of Si02 on a Si wafer produces stress in the 

vicinityy of the Si/Si02 interface [3.10], The local stress at the Si/Si02 interface created during 

oxidationn at 1000 °C can be of the order of <7= 106 dynes/cm2, which is less than the uniaxial stress 

appliedd by Wilson and Feher [3.11] for the perturbation of silicon band structure. 

Inn case of the oxidized silicon grains the oxide is surrounding the silicon symmetrically so 

noo preferential direction is distinguishable. As described by Charitat and Martinez [3.10] the stress 

diminishess with increasing distance from the Si/SiC>2 interface, thus it cannot be responsible for the 

effectt present in the bulk of the nanocrystal. Additionally, the oxidation-induced stress is efficiently 

relaxedd by point defect generation. Therefore a possible explanation in terms of stress induced by 

thee external oxide layer is not raised. 

Inn view of the above and on the basis of the observation that the decrease of hyperfine 

splittingg is relatedd to the diminishing of the average volume of the grains, we attempt to analyze the 

effectt in terms of size confinement. In the analysis as will be presented the reduction of hyperfine 

constantt A is an effect of the limited size of the silicon grain together with its asymmetrical shape. 

Thee behavior of the phosphorus donor in silicon nanocrystals will be based on the EMT [3.11]. 

Inn EMT the wave function Y(r) of the phosphorus shallow donor electron in its bound state 

iss obtained as a linear combination with coefficients aw of wave functions F(/)(r)M(')(r)exp(iJto(/V). In 
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thiss expression the envelope functions F^\r) are the solution of a hydrogen-like Schrödinger 

equationn and represent the localized bound character of the donor electron. The Bloch functions 

u^ir^xpiiko^r)u^ir^xpiiko^r) are the wave functions of electrons in the conduction band minima and represent 

thee effect of the host crystal. As the conduction band of silicon is six-fold degenerate, there exist 

sixx equivalent states which are enumerated by the index j = 1, 6. The probability of finding an 

electronn in the j-th valley is given by l«wl2. The degeneracy of the hydrogenic Is donor state is 

liftedd by the cubic crystal field V<i created by neighboring silicon atoms and the state will be split 

intoo a singlet Ai, a doublet E, and triplet T2. In terms of the inter-valley matrix elements Jo = -

<+jdVdl+JO,, A\ = - <+jclVdl-Jc> and A2 = - <+x\Vd\+y>,  the energies are found as solutions of the 

valley-orbitt matrix as £AI = - AQ - A\ - AA2, EE = - Ao - A\ + 2A2, and £T2 = - Ao + A\. The 

separationss of these energy levels have been measured by optical spectroscopy and lead, for P in Si, 

too A\ = + 1.467 meV and A2 = + 2.167 meV [3.12]. Parameter AQ = 35.167 meV is the average 

energyy of all levels. 

Usingg the EMT formalism we may derive an expression for the lowering of the hyperfine 

splittingg in a confined environment. The wave function of the ground state Ai has equal probability 

onn the states related to the six conduction band (CB) minima, as given by aw = (1/V6)(1,1,1,1,1,1). 

Thee ground state is spherically symmetric and has a non-vanishing density on the nucleus. Excited 

statess are described by wave functions of non-spherical symmetry and zero localization of the 

electronn on the site of the nucleus. The ground state Ai is the only state contributing to the 

hyperfinee interaction with the donor nucleus in the center. Admixing of higher-lying states with 

zeroo localization and strong anisotropy leads to lowered hyperfine and increased mutual interaction 

[3.13]. . 

Inn order to describe the effect of size confinement, we consider for simplicity a tetragonal 

perturbationn along the z axis. The correlation with the size, shape, and orientation of the 

nanocrystalss will be made more specific further in the text. Energy shifts AEu and  of the 

electronn states due to confinement can be described by a single dimensionless parameter x, when 

expressedd in units A2. For the z direction the energy shift with respect to the center of gravity will 
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bee -2xAi, for the perpendicular directions x and y the shift is +xA2. The energy difference between 

thee up-shifted and down-shifted valleys is given by 3x^2. The interaction matrix of the donor 

electronn Hamiltonian, including the size effect, has the form of the modified 6x6 valley-orbit 

matrixx Hvo: 

HHvovo = -Ai 

-x-x l+S 1 1 1 1 

l+Sl+S -x 1 1 1 1 

11 1 -x l+S 1 1 

11 1 l + S -x 1 1 

11 1 1 1 +2x l + S 

1 1 1 11 l + S +2x 

(3.3) ) 

Parameterr 6 has been introduced by ö = (l/2)(ET2 - £E)/^2 = (^1/^2) - 1, accounting for the 

generallyy small triplet-doublet splitting. For Si:P, ö = - 0.323. In the present case of axial tetragonal 

perturbationn along the z axis one may anticipate a solution with o(! ) = «(2) = a(3) = a(4) and a(5) = a(6). 

Normalizationn will require 4[a(l)]2 + 2[a(5)]2 = 1. Solving the valley-orbit matrix for its 

eigenvectors,, one obtains 

[oc(1)]22 = 1/8 + (l/8)(2 - 3x)/(36 - 12JC + 9x2) 2N1/2 2 (3-4) ) 

Thee hyperfine splitting which is proportional to l!P(0)l2 is given by the expression 

A(x)A(x) ~ \¥(0)\2 = ^ ( O y V ^ O ) ! 2 ! ^ , . ^ ! 2 . (3.5) ) 

A(x)A(x) ~ l^(0)!2 = l^(0)l2l«c/)(0)l2[3 + 3(6 -JC)/(36 - 12x + 9JC2)172]. (3.6) ) 
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Comparedd to the hyperfine splitting A(0) in bulk material the confinement reduces the hyperfine 

couplingg by the factor 

A(x)/A(0)A(x)/A(0) = (1/2) + (6 - JC)/2(36 - 12*  + 9x2)m. (3.7) 

Inn taking the last step it was assumed that both constants 7^(0) and «w(0) for the nanocrystals are 

equall  to their values in bulk material. 

Thee experimentally observed lowering of hyperfine interaction A originates from an 

anisotropicc perturbation of the bottom levels of the six CB minima. This is due to the asymmetric 

shapee of the nanocrystals. We assume that grains are longitudinal blocks with dimensions 

dj_xdxxdii,, where the ratio between short and long side is expressed by the parameter y = dj_/dn. For 

ourr samples y < 1. Throughout the text the sample dimensions are specified by the value d«. The 

limitedd volume and asymmetry of the grain shape produce a tetragonal perturbation of the CB 

bottom.. Due to the restricted volume, the CB minima in perpendicular directions are shifted up 

moree than the CB minima in longitudinal directions. There is a number of publications which 

derivee expressions for the enlargement of the energy band gap with diminishing grain size [3.14, 

3.15].. The enlargement consists of a down-shift of the valence band (VB) and an up-shift of the CB 

[3.16].. Our EPR experiments provide results on the EMT shallow donor phosphorus, where only 

perturbationn of the CB bottom is significant for the electronic structure. We apply a general 

relationshipp for the CB up-shift [3.15] 

AEcBAEcB = a/db, (3.8) 

forr particles of size d and adjustable parameters a and b. 

Inn our approximation it is assumed that all the grains are oriented in such a way that their 

longitudinall  axis coincides with one of the <100> crystallographic directions, in analogy to the 

columnarr structure of porous silicon analyzed by theoretical studies. The correlation between the 

63 3 



ChapterChapter 3 

tetragonall  perturbation in the valley-orbit matrix and the perturbation induced by spatial 

confinementt takes the form 

3xA3xA22 = AECB(d1)-AECB(d„)  = [(l-r b)a]/[y b df]. (3.9) 

Iff  we consider that the lifting of degeneracy in the CB affects only the electron probability in the 

valleys,, then the reduction of the hyperfine interaction can be expressed in terms of the céJ>, and, 

usingg Eq. 3.7, in the perturbation parameter x. For a more elaborate discussion, see references [3.7, 

3.8,3.11]. . 

Forr the largest experimentally found reduction of 6.2 %, the perturbation parameter 

becomess x = 0.98. An alternative solution, x = -1.45, is not considered here as it corresponds to 

conductionn band down-shift. 

Sincee the formulas [3.7] and [3.9] combine the hyperfine splitting parameter A(x) and the 

largestt grain dimension d\\ with parameters a and b, a fit to experimental data can be performed as is 

shownn in figure 3.2. The power dependence of the CB up-shift, i.e., the value of parameter b, is 

foundd not to be dependent on the particular choice of the asymmetry parameter y. For the value y = 

0.6,, which has been estimated from the SEM images, we can fit experimental data from the two 

smallestt powders and obtain the parameters describing up-shift of the CB. It takes the empirical 

formm AECE = 1600/d1', where the AECB is expressed in meV and d in nm. We note that in our 

approximationn we have assumed that the parameter y did not change upon oxidation. 

Forr large perturbation x » 1 the EMT predicts reduction of hyperfine splitting to (lfj)A(0) 

[3.11].. In this range any further up-shift of the CB, and thus an increased non-equivalence of the six 

CBB minima, will not affect the hyperfine splitting parameter A(x). Such a case is represented by 

porouss silicon with crystallites of the order of nanometers. In order to estimate the CB up-shift in 

grainss of sizes in the range of a few nanometers other experimental techniques would be more 

appropriatee [3.14]. 
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3.55 Comparison of band shifts 

Wee can compare and combine the independently experimentally determined perturbations 

off  the conduction band, as described in this chapter, with the shifts of the valence band and the 

enlargementt of the band gap, determined by the optical investigations, as reported in chapter 2. 

Takingg as example a grain size d = 200 nm, the increase of conduction band energy, as derived 

fromm our empirical formula, is AEQB = + 4.7 meV. The change of valence band energy for the same 

grainn size, as established from the Dl band shift, equals JEVB = - 4.0 meV. We note here that 

accordingg to theoretical calculations of Voos et al. [3.17] the down-shift of the valence band and 

up-shiftt of the conduction band are of comparable magnitude. The current experiments confirm this 

conclusionn by giving a similar change for both bands. Taken together the two contributions will 

givee the enlargement of the energy gap of the crystallites as + 8.7 meV. On the other hand, from the 

measurementt of the electron-hole recombination we conclude that for the same grain size the 

energyy gap changes by 12.9 meV. We note that the series of experiments were conducted on 

individuallyy prepared powder samples that differed in grain size distributions. Also taking into 

accountt the accuracy of the estimation of average grain sizes, we conclude that the internal 

consistencyy of the experimentally determined band structure perturbations appears to be 

satisfactory. . 

3.66 Mutual interaction between donors 

Inn the present experiment it turned out that confinement has also an effect on the mutual 

interactionn between donors. An investigation has been conducted on two types of materials with 

significantlyy different phosphorus concentration Cz-Si:P with [P] = 5 x 1015 cm"3 and Fz-Si:P with 

[P]]  = 1.5 x 1017 cm'3. Both materials were mechanically treated in the same way giving identical 

grainn size distributions and oxidized for the same times. 
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Fig.Fig. 3.4. Increased mutual interaction between donors as observed in the nanocrystals with lower 

concentrationconcentration of phosphorus - Cz-SvP ([P]  = 5 x 1015 cm'3). Lines originating from donor pairs 

andand triplets in nanocrystals have stronger intensity than in bulk crystal. 

Forr the nanocrystals with the low concentration of phosphorus characteristic lines 

responsiblee for pairs and triplets are present. The middle line, a fingerprint of donor pairs, appears 

withh significantly higher intensity than in bulk material. The 'triplet' lines are hardly visible in the 

bulkk material whereas in the nanocrystalline material they are clearly distinguishable. For an 

illustrationn of the spectra, see figure 3.4. The effect is understood within the framework of 
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phosphoruss local symmetry perturbation and thus derealization of donor wave function. This leads 

too increased overlap between wave functions of neighboring donors - and this is responsible for the 

mutuall  interaction. 

Hyperfinee lines 

^^ 1 ' 1 ' 1 
1.9955 2.000 2.005 

gg Factor 

Fig.Fig. 3.5. Increased mutual interaction between donors as observed in nanocrystals with high 

concentrationconcentration of phosphorus - Fz-Si:P ([P]  - 1.5 x 1017 cm3). Here the effect is visible with 

decreasedecrease of average grain size of the nanocrystal by a reduction of the intensity of the hyperfine 

lines,lines, which originate from isolated donors. Additionally, the middle line responsible for mutual 

interactioninteraction between large agglomerations of atoms becomes narrower and shifts from g = 1.9985 

toto g = 1.9989, as if all the donors in the nanocrystal interact with each other. 
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Inn the nanocrystals with higher phosphorus concentration the traces of increased mutual 

interactionn are also clearly visible. There are two symptoms: reduction in intensity of the side 

hyperfinee lines originating from isolated donors with decrease of average nanocrystal size and 

increasee of mutual interaction between large clusters of atoms. The second effect is in agreement 

withh the first one; size confinement switches on an interaction between isolated atoms. In case of 

highh concentration of phosphorus, donors start to form large interacting clusters. At first a strong 

EPRR line in the middle between hyperfine lines for g = 1.9985 is observed - see figure 3.5. When 

thee mutual interaction between donors increases due to the size confinement the middle lines 

becomee stronger and narrower. Additionally it shifts slightly towards the value g = 1.9989. In the 

finestfinest grains all the donors interact with each other and no traces of isolated phosphorus can be 

seen.. A similar effect of increased mutual interaction has been observed in porous silicon. In this 

materiall  with low phosphorus concentration the middle line appears with inverted EPR intensity -

seee figure 3.1. 

3.77 Conclusions 

Experimentall  results, obtained for differently prepared silicon nanocrystalline materials, 

givee evidence of small shifts of the silicon bands induced by spatial confinement. Such effects are 

shownn to appear already for relatively large grains with dimensions of the order of 100 nm. The 

evidencee was obtained by investigating features well-known from bulk crystal. Measurements were 

restrictedd to relatively large grains for which the spatial confinement effects represent bulk 

propertiess and not those of surfaces. Small changes of the conduction band were traced in electron 

paramagneticc resonance by the reduction of the hyperfine interaction of phosphorus impurity. On 

thatt basis an empirical formula for the conduction band up-shift is established. A small down-shift 

off  the valence band was revealed by the photoluminescence in the dislocation-related Dl band. The 

bandd gap value of Si grain was independently evaluated by following the recombination energy of 

ann electron-hole transition versus grain size. The experimental results show good qualitative 
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internall  consistency. We conclude that the EPR and PL techniques are appropriate tools for 

investigationss of spatial confinement effects in relatively large grains. 
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