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Chapterr  2 

Bandd structure perturbation in silicon nanocrystals: 
opticall  investigations 

Abstract t 

AnAn experimental study of size-related effects in silicon nanocrystals is reported. First, the three 

methodsmethods which were used for the preparation of nano-sized silicon particles, i.e., sputtering, ball 

milling,milling, and electroetching, are described. Samples were characterized by X-ray diffraction, 

scanningscanning electron microscopy (SEM), transmission electron microscopy (TEM) and secondary ion 

massmass spectroscopy (SIMS). Best results were obtained by ball milling, followed by free and 

centrifugedcentrifuged sedimentation, ultrasonic vibration and oxidation. Silicon grains were produced in the 

sizesize range 60 to 200 nm. Optical methods - photoluminescence (PL), infrared absorption, and 

RamanRaman scattering - were applied to investigate electronic properties of the nanocrystals. By 

observingobserving the PL from transitions from shallow to deep levels and also the near-band gap electron-

holehole recombination, it is concluded that the width of the band gap increases with diminishing size 

ofof the nanocrystals. 
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2.11 Introductio n 

Nanostructuredd materials are solids composed of structural elements, mostly crystallites, 

withh a characteristic size, at least in one direction, of a few up to tens of nanometers. They possess 

aa variety of properties, which can be substantially different from bulk macroscopic materials, 

dependingg on size, shape, and environment, such as an oxidized surface layer. Among the various 

methodss of formation of silicon nanocrystals a main division can be made into two categories: 

-- reduction of size of initial bulk silicon by removing material or breaking material into parts, such 

ass achieved by electroetching and ball milling; 

-- agglomeration of single silicon atoms into larger particles, as for instance obtained by sputtering 

off  silicon onto a substrate and by thermal annealing of silicon atoms in a silicon dioxide. 

Inn the present chapter three different ways applied for the manufacturing of silicon nanocrystals are 

described.. Details on the experimental methods based on sputtering, ball milling, and 

electroetchingg are given in the paragraphs 2.2, 2.3, and 2.4, respectively. More extensive 

investigationss of optical properties, carried out on the ball-milled samples, are discussed in 

paragraphss 2.6 to 2.8. 

2.22 Sputtered silicon nanocrystals 

2.2.11 Preparation method 

Sputteringg is a common way to prepare nanoparticles of different materials. In the method 

ass applied for the production of silicon nanoparticles two preparation stages can be distinguished: 

first,, the decomposition of bulk crystal on the atomic scale, and, second, the subsequent 

coalescencee of material into nanocrystals. The process of deposition is carried out in a high-vacuum 

chamberr in which the assembly called "opposite-target sputtering system" is installed. Figure 2.1 

providess a schematic diagram of the system. Inside the chamber the two targets are mounted. 
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Dependingg on the conductivity of the source material, the applied bias to the targets is DC or AC. 

Inn the present application the doping by phosphorus of silicon was sufficiently high to perform all 

thee growth experiments under DC conditions. The two targets were connected to a voltage supply 

off  approximately 1300 V DC. The silicon target, material to be sputtered, was connected to the 

negativee bias, the other target was made of aluminum and was positively biased. 
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Fig.Fig. 2.1. Schematic diagram of the opposed-targets sputtering system used for preparation of 

siliconsilicon nanoparticles in the present work. In the chamber the two targets made of aluminum and 

siliconsilicon are placed opposite to each other, on the left and right side, respectively. Below the 'cold 

finger'finger' is fixed to condense the argon atoms together with sputtered silicon atoms. After the 

condensationcondensation of Si atoms in Ar matrix is finished the substrate is heated up to liquefy Ar and to 

transporttransport the material into the capillary below the chamber. 
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Onn the bottom of the chamber the substrate holder is positioned, this is the place where the material 

iss deposited. Before sputtering, the walls of the chamber and substrate holder are heated and the 

chamberr itself is pumped to the pressure at the level of 1 x 10"6mbar. In this way eventual pollution 

iss removed from the sputtering chamber. After pumping away the air, the chamber is filled with 

argonn gas up to the pressure around 1 x 10"' mbar. The argon gas plays here the role of the so-

calledd sputtering medium. When the bias voltage is applied to the targets, the electrons in the 

vacuumm are accelerated and by making collisions with argon atoms will ionize the gas in the 

sputteringg chamber. The ionized argon atoms are accelerated toward the silicon plate. In this way 

siliconn atoms or their agglomerations are released from the bulk and are collected onto the substrate 

holder.. During sputtering the temperature of the substrate holder is kept at the level of T = 35  5 

K.. At this temperature argon atoms create a solid matrix into which the sputtered silicon atoms are 

captured.. The argon matrix thickness grows during sputtering and new silicon atoms are placed in 

thee higher-lying layers. In this way silicon atoms are individually stored and separated from each 

other,, preventing uncontrolled agglomeration. In the second stage, the solid argon matrix is 

liquefiedd by increasing the temperature of the substrate holder. The Ar liquid transports the silicon 

atomss into the glass container below the chamber. After evaporation of Ar a spontaneous 

coalescencee takes place and silicon atoms start to form clusters. The coalescence is typically a very 

rapidd process which is visible by bright flashes. Depending on the speed of the pressure- and 

temperature-incrementt the end-product may vary slightly in size and color. 

2.2.22 Characterization of material 

Sputteredd silicon has been extensively characterized in order to check the morphology and 

internall  structure of the material. A scanning electron microscopy (SEM) image is presented in 

figuree 2.2. Silicon clusters have the form of two-dimensional objects with the surface in the order 

off  a few jam . From TEM images we learn about the nanometer size fine structure of Si clusters. 

Thee crystallinity of the sputtered material has been checked by TEM-related techniques and X-ray 
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diffraction.. No traces of diamond structure within the investigated material have been found. The 

sputteredd material is amorphous. Moreover, the energy dispersive spectrum analysis on this 

materiall  shows the presence of both Si and O. The presence of oxygen is due the sample exposure 

ontoo air atmosphere during transportation, storage, and measurement. Hence, the sputtered material 

iss an amorphous silicon oxide. 

Fig.Fig. 2.2. Scanning electron microscopy image of the sputtered silicon. Silicon clusters have the 

formform of two-dimensional objects with the surface in the order of a few /Mn . 

2.33 Ball-milled silicon nanocrystals 

Balll  milling of silicon wafer is an easy and efficient way of producing nanocrystalline 

material.. The main advantages of this method are the great variety of the initial material type and 

dopingg level, pure preparation conditions, very small volume exposed to the amorphization process, 
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andd good control over grain size. Ball-milling has been used before by Shen et al. [2.1]. In their 

studiess the grain size was not the factor of main interest; the focus was on the optical properties of 

siliconn crystallites upon various annealing and oxidation conditions. In our investigation the 

researchh was directed towards size-related effects. The intention was to reduce the diameter of 

grainss below 100 nm with a size distribution as uniform and narrow as possible. In our research the 

methodd based on ball milling has been further developed leading to a procedure as described in the 

nextt section. 

2.3.11 Preparation method 

Balll  milling followed by sedimentation stages and oxidation has been extensively 

developedd in order to achieve high-quality silicon nanocrystals. The approach is to select the 

smallestt silicon grains out of ball-milled material with limited mechanical treatment. Below all the 

successivee preparation steps are listed. 

1)) Pulverizing the silicon wafer of certain initial type and doping level in a porcelain mortar. 

Porcelainn has been chosen as the mortar material in order to avoid iron contamination, which is 

widelyy present in any steel equipment. The breaking of silicon wafer is applied for a short time; in 

thiss way the mechanical-induced stress is minimized. 

2)) Ball milling in ZrO? crucible by means of two balls made of the same material. The process 

takess place in a special container filled with silicon grains and ethanol. The presence of ethanol 

preventss charging of the material; in this way a more homogeneous milling of all the grains takes 

place.. The duration of the process is in the range of minutes only in order to reduce stress effects 

relatedd to mechanical treatment. 

3)) Free sedimentation in ethanol is a preliminary stage of selection of the finest grains. The typical 

sedimentationn time was 24 hours. With this characteristic time ethanol density was appropriate to 

performm the initial size segregation. The material which stayed in the liquid was used for further 

processing. . 
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4)4) Ultrasonic vibrations were applied in order to segregate clusters of silicon grains into separate 

grains.. Centrifuged sedimentation acts like a mass segregation and does not distinguish between 

clusterss and single grains. Introduction of this step was very crucial for the quality of the size 

distribution. . 

5)) Centrifuged sedimentation in ampoules with ethanol for constant time with increasing rotation 

speed,, changing the centrifuged acceleration from 1 to 3000 g. This is an efficient process of 

dividingg silicon grains into fractions according to weight and size. 

6)) Oxidation of silicon grains is carried out by heating powders to 1000 °C in an open air tube for 

timee durations from 5 minutes to 2 hours. This step is included to create a stable silicon - silicon 

dioxidee interface. A non-oxidized surface of silicon with its dangling bonds usually perturbs 

conclusivee measurements. Additionally, oxidation serves as an efficient tool for reduction of the 

siliconn core diameter. In this way further reduction in size of silicon nanocrystals has been 

achieved. . 

2.3.22 Characterization of silicon nanocrystals 

Siliconn nanocrystals prepared by the method as described in the previous section were 

extensivelyy investigated in order to check the quality of the silicon core crystallinity, the silicon 

dioxidee growth, and for precise size determination. Several experimental techniques, as discussed 

below,, were applied. 

1)) Scanning Electron Microscopy. Information about overall size distribution of silicon 

nanocrystalss can be achieved from scanning electron microscopy (SEM) images. SEM images of 

thee smallest grain fraction after the latest step of centrifuged sedimentation are presented in figure 

2.3.. The distributions obtained by counting grains of different sizes (700 counts per photo), were 

fittedd with the usual function exp(-(ln2[d/z])/(2H>2)), in which d is the grain size and w is a parameter 

describingg the width of the distribution. For the particular sets of powders investigated in this study 

byy photoluminescence and electron paramagnetic resonance (see Chapter 3) the maxima of size 
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Fig.Fig. 2.3. (a) and (b). Scanning electron microscopy images with different magnifications of silicon 

ball-milledball-milled grains. The presented nanocrystals are from the finest fraction after centrifuged 

sedimentation.sedimentation. Typically the grains have a diameter in the range about 100 nm and below. 
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distributionss were determined at z\ = 200 nm for big, 12 = 110 nm for medium big, z3 = 100 nm for 

mediumm small, zt, = 80 nm for small and zj = 60 nm for very small nanocrystals. The width 

parameterr was found to be around w = 0.6 for all the investigated powders. 

2)) X-ray diffraction. The crystallinity of silicon nanocrystals was examined by X-ray diffraction. 

Resultss are shown in figure 2.4. Characteristic diffraction patterns of crystalline silicon were clear 

andd strong for as-milled as well as for oxidized nanocrystals. Their intensity gradually decreased 
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Fig.Fig. 2.4. X-ray diffraction patterns of oxidized silicon powders showing lines characteristic for 

crystallinecrystalline silicon. Prolonged annealing reduces the intensity of diffracted lines. Hundred hours 

annealingannealing converts all the silicon into silicon dioxide. The two X-ray patterns have been offset in 

orderorder to distinguish them. 
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uponn extension of the heat-treatment indicating size reduction of the silicon core. After prolonged 

oxidationn the X-ray pattern vanished completely as all the silicon was transformed into SiCh. For 

thee largest grains X-ray diffraction has also been applied successfully as a tool for grain size 

estimation.. On the basis of diffraction lines broadening we could conclude that all the grains used 

inn the study were smaller than 1 (im. Positions of the diffraction lines did not depend on the 

oxidationn time, indicating that the crystallinity of the core is not affected by oxidation. 

3)) Transmission Electron Microscopy and related techniques. In addition to Röntgen diffraction, 

grainn crystallinity was confirmed by TEM experiments, bright field/dark field (BF/DF) imaging 

andd selected area diffraction pattern analysis (SADP). Within the TEM facilities also energy 

dispersivee spectra (EDS) have been recorded. A TEM image of an oxidized silicon nanocrystal is 

presentedd in figure 2.5. It is easy to distinguish the silicon core part and silicon dioxide 

surrounding. . 

Fig.Fig. 2.5. Transmission electron micrograph of a silicon grain oxidized at WOO "C for 2 hours. 

CrystallineCrystalline silicon is in the middle - the dark part of the figure; an amorphous SiOi layer surrounds 

thethe silicon core. 
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Thee white/dark shadows within the silicon core are evidence of the silicon crystalline structure. The 

surroundingg silicon dioxide is checked to be amorphous. To monitor the growth speed of silicon 

dioxidee several TEM images have been taken after various oxidation times. Fit to experimental data 

providess empirical formula consistent with the well-established formula [2.2] ds\o2 =1 Wf (valid for 

oxidationn at the temperature T = 1000 °C in air), where dfsio2 is the oxide layer thickness (in 

nanometers)) and t is the oxidation time (in minutes). Experimental data of the SiCh thickness versus 

oxidationn time are gathered in the table 2.1. Additional information about chemical composition 

wass obtained from EDS - the stoichiometry of the surrounding layer was found to match silicon 

dioxidee (Si02). Strong evidence of perfect crystallinity of the core of silicon powders was obtained 

fromfrom BF/DF images. Specific information about different parts of the silicon grain, the part in the 

middlee and close to the Si/SiC>2 interface has been obtained from SADP. There is clear evidence 

thatt the entire grain keeps its perfect crystalline structure. 

TableTable 2.1 Thickness of the silicon dioxide layer measured f or various particles versus oxidation 

timetime of the silicon grains in air atT — 1000 XI. 

Oxidationn time 

(minutes) ) 

120 0 

240 0 

1260 0 

Siliconn oxide thickness 

(nanometers) ) 

146,, 146, 136, 131 

152,, 175, 167, 152, 150, 143, 145 

360,, 370,440, 360 

4)4) Secondary Ion Mass Spectroscopy (SIMS). For size effect-oriented experiments by PL and EPR 

thee behavior of doping element upon oxidation is crucial. In our experiments the properties of 

phosphoruss have been applied to sense the perturbation of silicon band structure. As known from 
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thee literature, oxidation of silicon may produce pile-up of phosphorus at the Si/SiCh interface [2.3]. 

Inn order to verify the influence of oxidation on phosphorus distribution, a dedicated investigation of 

impurityy distribution by SIMS has been performed. Special care has been taken to distinguish 

signalss from 3IP and 30SiH. Figure 2.6 presents [P] profiles in two silicon wafers prepared 

especiallyy for this experiment. In this case the phosphorus profiles were measured in Si material 

withh a high phosphorus concentration ([P] = lxlO18 cm"3), which was oxidized for much longer 

timess (5 and 62 hours) than used in the preparation of powders. Both [P] profiles have been fitted 

withh the standard function [P(z)] = [P]sexp(-z/Z)+[P]b, where the parameters for the two oxidation 

timess are gathered in table 2.2. 

55 hours oxidation 
11 1 1 1 1 1 1 1 1 1 1 1 1 1 — 

00 20 40 60 80 100 120 140 
Depthh z (nm) 

Fig.Fig. 2.6. Secondary ion mass spectroscopy of a heavily doped silicon wafer ([P]=10 cm' ) 

oxidizedoxidized for 5 and 62 hours. The pile-up is clearly visible for 62 hours oxidation - which is 2 

ordersorders of magnitude longer oxidation time than used in experiments. Shorter oxidations of 5 hours 

dodo not show any P pile-up. The fitting parameters of SIMS P are given in table 2.2. 
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Itt has been concluded that only the wafer oxidized for longer time - of 62 hours - showed 

significantt pile-up at the interface. The powder material used in our PL and EPR experiment had 

moree than two orders of magnitude lower phosphorus concentration ([P] = 5x1015 cm"3) and its 

timee of oxidation did not exceed 2 hours. Therefore we conclude that the phosphorus pile-up effect 

iss negligible for the investigated Si powder samples. 

TableTable 2.2 Parameters describing the phosphorus concentration [P]  as a function of depth z after 5 

andand 62 hours oxidation at 1000 V in air. The concentration profile has been fitted with the 

functionfunction [P(z)J = [PJsexp(-z/Z)+[PJb. 

Oxidationn time 

(hours) ) 

5 5 

62 2 

[P]s s 

(an3) ) 

18 8 

(44+8)xl018 8 

Z Z 

(nm) ) 

3 3 

3 3 

[Plb b 

(cm"3) ) 

(1.8+0.5)xl018 8 

18 8 

2.44 Porous silicon 

Ann intensive research effort in the field of size-confinement effects in nanostructures is 

conductedd on porous silicon, mainly by observing photoluminescent properties [2.4]. In our studies 

porouss silicon was investigated by electron paramagnetic resonance as described in Chapter 3. In 

thiss section we discuss briefly the preparation conditions and the characterization of the material. 

2.4.11 Preparation method 

Porouss silicon was prepared by electroetching in the mixture of water, ethanol and HF acid 

inn volume ratio 2:2:1, respectively. The applied voltage was 12 V between the two electrodes; 
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whichh are a silicon bar with the dimensions 2 mm x 10 mm x 50 mm and an aluminum rod. Typical 

currentt density during electroetching was around the value of 50 mA/cm2. Etching was carried out 

att room temperature with the set-up under white light conditions, with the duration of the process 

aroundd 15 hours. After removing the electrolytic mixture, the silicon bar was covered by a 

brownishh layer. This layer was scratched away and used for further investigation. 

2.4.22 Characterization of material 

Porouss silicon was characterized with respect to the crystallinity and for size estimation of 

thee nanocrystals. Methods as described for the ball-milled samples were applied. 

Fig.Fig. 2.7. Scanning electron microscopy image of porous silicon. The complex structure consisting 

ofof two-dimensional planes twisted around each other are clearly seen at the micrograph. Typical 

thicknessthickness of the planes is below 20 nanometers and plane dimensions are of the order of 100 

nanometers. nanometers. 
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1)) Scanning electron microscopy. Several SEM images of porous silicon have been taken. Its 

complicatedd and developed structure is clearly shown by figure 2.7. With the SEM resolution only 

thee two-dimensional structure is seen of typical side dimension 1 p.m. 

2)) X-ray diffraction. The X-ray experiments have fully supported perfect crystallinity of the porous 

silicon.. Diffraction patterns are unambiguously identifiable with the silicon structure. 

3)) Transmission electron microscopy. TEM images were taken to have an insight view in the 

porouss silicon structure. Electroetching is a method, which leaves gaps in between silicon wires. In 

thiss way one creates pores of a typical size in the range of nanometers, what could be observed in 

thee TEM images of porous samples. Additionally, by means of the TEM-related techniques it was 

confirmedd that the material preserves its crystalline structure. 

2.55 Optical investigation 

Inn the present studies the main investigation is conducted on the ball-milled, sedimented, 

andd subsequently oxidized silicon nanocrystals. Size-related effects on electronic properties were 

invariablyy studied in small nanostructures with the dimensions around 1 nm, below 10 nm. 

Nanocrystalss with size in the order of 10 nm to 100 nm were not used before for these purposes. 

However,, such relatively large crystals allow to establish size-related effects in the range where the 

onsett of size confinement is expected. Porous silicon was used during investigation in order to 

checkk the limiting case of the very small nanocrystals. Sputtered silicon was found to be useless for 

thee research because of strong amorphization of the material. 

Size-confinementt effects on the electronic band structure of silicon nanocrystals can be 

efficientlyy monitored by optical spectroscopy. There are several experimental techniques, like 

photoluminescencee and infrared absorption, to investigate enlargement of the band gap with 

diminishingg size of nanocrystals. Additionally, Raman spectroscopy was used to sense possible 

phononn confinement. 
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2.66 Photoluminescence 

PLL spectroscopy is the most often applied technique in the investigations of spatial 

confinementt effects [2.4, 2.5]. For Si nanocrystals in the few-nanometers range observations of 

broadd bands in the visible region are frequently reported. A pure quantum confinement model 

predictss that for small enough crystallites radiative recombinations due to the excitonic transitions 

shouldd appear in the visible region. These should exhibit blue shift upon size reduction. Also the 

lifetimee should decrease with increasing energy of recombination. In the quantum confinement 

modell  these effects follow from the fact that the band gap becomes larger and direct. Many of the 

experimentallyy observed features have been interpreted along these lines. 

Theree are two major problems in the PL studies conducted on few-nanometer crystallites. 

Thee surface-to-volume ratio is so large that surface-related effects dominate PL emission. 

Secondly,, the grain size distribution should be as close as possible to a 8-function. In case of grain 

sizess in the range of a few nanometers the band structure perturbation is especially strong. 

Therefore,, even a relatively narrow width of size distribution will result in a large spread of exciton 

energies.. For larger crystallites, where the magnitude of band perturbation is smaller, the few-

nanometerr narrow size distribution is not necessary. 

Inn our research we monitor radiative recombinations which are characteristic for bulk 

material:: a transition from a deep to a shallow state, labeled Dl, and an electron-hole 

recombinationn whose phonon replicated structure also confirms its bulk origin. Recombination 

energiess of these transitions are traced versus average grain size. On the basis of an observed 

correlationn conclusions concerning size-related effects are drawn. 

Thee PL experiments have been performed in immersed helium, helium flow, and close-

cyclee cryostats altogether covering the temperature range between T = 4.2 K and T = 150 K. For 

excitationn an argon laser operating at k = 514.5 nm was used. The laser light was mechanically on-

offf  modulated with a frequency of v = 25 Hz. To record the spectra a germanium detector was used 
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whosee operation sensitivity is in the infrared region. The entire PL spectrum is presented in figure 

2.8. . 

11000 1200 1300 1400 1500 
Wavelengthh (nm) 

1600 0 1700 0 

Fig.Fig. 2.8. Entire photoluminescence spectrum showing the Dl, D3 and D4 dislocation - related 

emissionemission lines, as well as the no-phonon (NP) line of an excitonic recombination, together with TA 

andand TO phonon replica. Measured atT = 4.2 K on a ball-milled sample with the average grain size 

ofof 200 nm, heat-treated in air for 10 minutes at 1000 °C. 

2.6.11 Deep-level-related band 

AA strong, rather broad PL band around 810 meV at T = 4.2 K, labeled Dl, has been 

observedd together with other bands D3 and D4 at their characteristic energies [2.6] - see figure 

2.9(a).. They have been reported in the literature and were associated with carrier trapping at 

dislocationss [2.6, 2.7]. The bands were not observed in bulk crystal before mechanical deformation. 
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Thee observation of the Dl band in the present study is a natural consequence of mechanical 

breakingg used in the preparation of the silicon grains in the ball-milling process. Its broad line 

widthh indicates a high density of deformation-induced defects. As measured at T = 4.2 K the line 

widthh of the band is approximately 25 meV. Measurements at higher temperatures have revealed 

thatt the Dl band observed in the studied powders consists of two components at around 775 meV 

andd 825 meV, respectively (figure 2.9(b)), as observed before by Sauer et al. [2.6], and Gwinner 

andd Labusch [2.8]. The line width of the high-energy line is approximately 30 meV at T = 100 K. 

Accordingg to the model proposed by Suezawa et al. [2.9] following the earlier interpretation by 

Gwinnerr and Labusch [2.8] the transition responsible for the Dl PL band occurs from a deep level 

too a shallow acceptor level. Deep levels have usually atomic-like character and therefore show a 

weakerr relation to the band structure of the host than the shallow ones. Deep levels are introduced 

forr example by transition metals and they may serve as a reference in band alignment in 

semiconductorr hetero-junctions as demonstrated by Langer et al. [2.10, 2.11]. Following the model 

off  Suezawa et al. [2.9] the change of transition energy of Dl, which we observe in experiment can 

bee ascribed mainly to the downshift of the shallow level following the valence band perturbation. 

Itss accurate position has been found by fitting with Gaussian-shape lines. Results show that a 

correlationn exists between the average grain size of the powder and the recombination energy of the 

high-energyy component of Dl band, as plotted in figure 2.10. A consistent energy up-shift of this 

transitionn is found for powders of different initial grain size distributions reduced by oxidation. For 

thee results as presented in figure 2.10 the experimental points of the dislocation-related band 

positionn have been fitted with the formula for the downshift of the valence band (VB) with the 

relationn l/d1!. The power dependence parameter b = 1.1 has been taken equal to that obtained for 

thee conduction band (CB) perturbation for consistency, see Chapter 3 for details. The fit takes a 

formm £(meV) = 1344/d'' + 820.2, where d is expressed in nm. Taking into account that the 

perturbationn of energy difference between acceptor level and VB maximum is negligibly small, we 

findd that the VB edge shift is given by J£(meV) = -1344/d1'. A similar good fit can be obtained 

settingg the power parameter to b = 2 which is in agreement with effective mass theory (EMT) as 
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Fig.Fig. 2.9. (a) Photoluminescence spectrum of the Dl center, measured at T = 4.2 K, together with 

thethe luminescence of the D3 and D4 centers, (b) Photoluminescence spectrum of the Dl center 

measuredmeasured at T = 100 K, consisting of 2 bands: the low-energy component at 775 meV and high-

energyenergy component at 825 meV. 
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expectedd for large grains. This result is an illustration that the experimental data from the PL 

experimentt are not in compelling contradiction with EMT expectations. 

832 2 

Averagee grain dimension d (nm) 

Fig.Fig. 2.10. Energy perturbation of the Dl band high-energy component. Solid line represents the fit 

withwith power dependence parameter b = 1.1: E = 1344/d''+ 820.2 with E in meV and d in nm. 

2.6.22 Dislocation-related PL band 

Inn silicon powders pre-annealed in an ambient atmosphere prior to oxidation, a strong 

photoluminescencee spectrum as shown in figure 2.11(a) can be observed. A corresponding 

recombinationn has not been detected in bulk silicon. Guided by the characteristic properties of the 

band,, such as the energy of the transitions and replicated structure with phonon values of bulk Si 

wee conclude on the electron-hole recombination, where the carriers are trapped at dislocations. We 
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considerr the possibility that the spectrum is due to the impurity-band formation to be less likely. 

Dedicatedd SIMS measurements prove that for short oxidation times the pile-up effect of 

phosphoruss donors is negligible (figure 2.6 and table 2.2). 

Thee PL emission occurs around hv - 1075 meV in grains of diameter 115 nm. Since the 

electron-holee binding energy is low £e-h = 14.3 meV in comparison to the energy difference 

betweenn silicon band gap Eg = 1170 meV and emission energy (£hv) we exclude a purely excitonic 

model.. To classify the observed luminescence we apply the scheme of Lelikov et al. for 

dislocation-relatedd optical emission [2.12, 2.13]. In the general model the radiative transition 

followss from recombination of a hole and an electron bound in the vicinity of a dislocation. In view 

off  the mechanical treatment of the ball-milled silicon nanocrystals dislocations are widely present 

too provide such carrier trapping sites. A diagram of the binding mechanism is illustrated in the 

workk of Lelikov et al. [2.12], On the basis of the model the electron-hole recombination energy is 

derivedd to be 

EEhvhv = Eg-A(bJa)2 (2.1) 

Thee emission energy is primarily linked to the bandgap E$ of silicon. Carrier binding reduces the 

transitionn energy by A(be la)2 where bt is the edge component of the Burgers vector for the given 

dislocationn type and a the crystal lattice constant. Parameter A, depending on carrier masses and 

deformationn potential, has a constant value A = 800 meV for silicon. Typical binding energies for 

thee electrons and holes in the dislocation potentials vary from 30 to 400 meV [2.12]. In the present 

casee of nanocrystals the radiative emission occurs approximately 100 meV below the silicon 

bandgap. . 

Forr the investigated band the typical exciton-like emission structure in silicon (indirect band 

gapp material) is observed: no-phonon transition followed by the transverse acoustic (TA) and 

transversee optical (TO) phonon replicas. These are broad and overlap each other. Their line width is 

approximatelyy 30 meV, mainly due to the variation of the energy band gap related to the size 
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distributionn of grains. The intensity of the TO replica is the strongest in agreement with 

measurementss in bulk silicon. However, the relative intensity ratio NP:TA:TO = 0.25:0.4:1 is 

significantlyy different than for excitonic emission in bulk silicon (figure 2.11(a)). The separation 

energyy between no-phonon line and phonon replicas matches phonon energies measured in bulk 

siliconn ETA = 18.5 meV and £TO = 58 meV [2.14]. The presence of phonon replicas shows that the 

bandd structure in grains of the order of 100 nm has still indirect character. That is consistent with 

theoreticall  predictions concerning band structure perturbation: upon grain size decrease first the 

enlargementt of band gap magnitude occurs, which is followed by indirect- to direct-gap transition 

onlyy when the size region of a few nanometers is reached. For the powder of the smallest 

crystallitess with the narrowest grain size distribution, the radiative transition has been observed to 

shiftt up in energy with gradually diminishing average grain size, as shown in figure 2.11(b). 

Thee observed up-shift of TA and TO phonon replicas was parallel in the investigated region. 

Similarr as in the previous case of deep-level-related recombination experimental points for TO and 

TAA phonon replicas have been fitted with a ~ J/dl'' size dependence. As the result of this fit we 

obtainedd the following parameters for the change of perturbation 4380/d1'+ Eph, where £ph is the 

positionn of TA or TO phonon replica in bulk, d is dimension of the grain expressed in nm, and the 

energyy given in meV. The change observed in the experiment as derived from the fitting formula 

4380/fif1'' was around 14 meV for average grain dimension changing from 75 to 115 nm. A good fit 

hass also been obtained for the EMT formula with power dependence parameter b = 2. It is an 

indicationn that in this range of grain sizes the EMT can also properly describe band structure 

perturbations.. Consequently, in view of the correlation between recombination energy and average 

grainn size, we associate observed up-shift with enlargement of the band gap energy due to spatial 

confinement. . 
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Fig.Fig. 2.11. (a) Electron-hole recombination band investigated in the current study: the no-phonon 

lineline followed by TA and TO phonon replicas can be distinguished. (Grain size d = 80 nm, 

temperaturetemperature of measurement is T = 10 K.) (b) Parallel energy upshift of TA and TO phonon 

replicasreplicas with diminishing average grain size. Solid lines represent fits with power dependence 

parameterparameter b = 1A: E = 43801 d ' + Epi, with E in meV and d in nm. 
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2.77 Infrared absorption 

Directt information about band gap magnitude can be extracted from an infrared absorption 

experiment.. Such a measurement has been attempted for the mechanically milled powders prepared 

forr the current study. However, the effective transmission in powders is reduced by multiple 

scatteringg from the surface of the grains. This seriously obstructs the determination of the 

absorptionn edge making accurate and reliable determination of the energy band gap value not 

possible.. We conclude that this technique has only a limited applicability for the investigation of 

spatiall  confinement effects in powders. 
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Fig.Fig. 2.12. Comparison of the infrared absorption of ball-milled, sedimented, and oxidized 

nanocrystalsnanocrystals with bulk silicon, measured at room temperature. An effective upshift of the band gap, 

byby some 0.18 eV, is observed for the case of nanocrystals due to multiple scattering of light at the 

samplesample surface. 

48 8 



BandBand structure perturbation in silicon nanocrystals: optical investigations 

2.88 Raman spectroscopy 

Ass mentioned in the introductory remarks, spatial confinement is also expected to influence 

thee phonon spectrum of the matrix. This effect can be monitored by Raman spectroscopy. A bulk 

siliconn sample gives a sharp first-order peak at 519 cm"1 (65 meV) at room temperature 

correspondingg to the TO phonon energy at the zone center. Shift and broadening of this line for a 

few-nanometerr crystallite would be indicative of relaxation of the Ak = 0 vector selection rule for 

thee excitation of the Raman-active optical phonons [2.16]. In the experiment of ball-milled Si 

TO,, LO1 Si-powder 
(5177 cm-1) 

4800 5Ó0 520 

4000 500 
Energyy (cm1) 

Fig.Fig. 2.13. Comparison of the Raman spectrum observed in ball-milled, sedimented, and oxidized 

nanocrystalsnanocrystals with the spectrum of bulk silicon. Broadening of the 519 cm' line and presence of an 

inteiface-relatedinteiface-related line at 430 cm'1 can be seen in case of nanocrystals. 
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nanocrystals,, however, the Raman spectrum is dominated by surface and interface modes - see 

figuree 2.13. Consequently, we concluded that the surface and the interface region play the dominant 

rolee and terminated the experiment [2.17]. In addition to the significantly shifted and broadened 

5199 cm'1 line toward smaller energies, we have also found several weak lines, which could be 

identifiedd as 2-TA at 300 cm'1 and interface-related at 430 cm"1. 

2.99 Conclusions 

Inn the reported studies the main investigations on size-related effects on energy levels was 

conductedd on ball-milled, sedimented, and oxidized silicon nanoparticles. The PL measurements on 

thesee samples showed an increase of the band gap, resulting from a lowering of valence band states 

andd a rise of the conduction band. Nanocrystals of the size of the order of 100 nm were not studied 

before.. Such large nanocrystals enable to trace size-related effects in a range of sizes where the 

onsett of quantum confinement is expected. Porous silicon was applied to check the limiting case of 

thee very small nanocrystals. Sputtered silicon has proven to be useless for the research because of 

strongg amorphization of the material. 
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