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Chapterr  6 

Opticall  properties of 
nanocrystalss in porous 
silicon:: photoluminescence 
andd Raman scattering study 

Abstract Abstract 

Free-standingFree-standing yellow silicon-based fibers have been fabricated by the electro-
chemicalchemical method and separated from the top-most layers of anodized sil-
iconicon epitaxial wafers. Crystalline structure analyses of the investigated 
samplessamples show that the yellow silicon-based fibers consist of nanoscale clus-
tersters of 20 - 50 nm in diameter of silicon nanocrystals embedded in an 
imperfectimperfect silicon-oxide SiOx (x < 2) matrix. The free-standing fibers 
exhibitexhibit intensive photoluminescence in the visible range at room temper-
atureature under ultraviolet band-to-band excitation. Optical properties of the 
nanocrystalsnanocrystals are investigated by a chemical treatment in hydrofluoric solu-
tions.tions. Raman scattering experiments have been performed to characterize 
thethe micro structure of the yellow silicon-based fibers. Taking into account 
thethe relaxation of the phonon wavevector due to the shape and size of the 
siliconsilicon nanocrystals the experimentally obtained Raman scattering data 
werewere well described. From this, an average diameter of about 2.5 nm was 
foundfound for the silicon nanocrystals in the yellow silicon-based fibers. 
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6.11 Introductio n 

Porouss silicon (PS) has been obtained for the first time more than 40 years 
agoo by Uhlir [1] at Bell Labs, USA, but only since 1990, when Canham [2] 
discoveredd the visible light emission at room temperature, porous silicon 
hass become a subject for intensive investigation. Up to now, various stud-
iess dealing with formation, microstructure, electrical and optical proper-
tiess and with the mechanism responsible for light emission from porous 
siliconn and porous-silicon-based optoelectronics have been reported [3]. 
However,, many problems concerning the microstructure and the mech-
anismm of the photoluminescence (PL) of porous silicon are still under 
debate. . 

Theree are several models to explain the mechanism of light emission 
fromm porous silicon. The first one is the quantum confinement model 
[2,, 4], in which the emission of visible light from porous silicon is ex-
plainedd to be due to a direct electron-hole pair recombination across a 
directt broadened band gap of the silicon nanostructure. The quantum 
confinementt model can explain the visible luminescence of porous silicon 
andd the blue shift of the PL peak with decreasing the size of silicon grains. 
I tt has, however, also difficulties to clarify some other experimental data. 
Forr instance, when the temperature is increased a blue shift of the PL 
peakk has been observed by some research groups [5, 6] instead of a red 
shiftt expected from the quantum confinement effect due to the decreasing 
bandd gap of silicon. The blue shift has also been observed when the PL 
experimentt was carried out under axial stress [7]. In spite of this, the 
quantumm confinement effect has been a leading model for understanding 
thee optical properties of porous silicon. 

Anotherr plausible theory, which is also considered to explain the light 
emissionn of porous silicon, is the surface state model. In the surface 
statee model proposed by Koch et al. [8, 9] the radiative recombination of 
porouss silicon occurs via both shallow localized states and deeper traps 
onn the surface of nanocrystals. These states are intrinsic and perturb 
thee silicon surface arrangement. Later Qin and Jia [10] developed the 
excitationn and de-excitation mechanisms of porous silicon and stated that 
thee excitation mechanism of porous silicon is based on the creation of 
electron-holee pairs in the nanocrystallites as described in the quantum 
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confinementt model. The radiative recombination, however, takes place on 
thee surface of the nanocrystalline particles via surface defects by hydrides 
adsorbedd luminescence centers or impurities located in the silicon oxide 
layerr surrounding the silicon particles. 

Alternativee models such as surface hydrides [11], siloxene [12] and 
SiH22 [13], which are located in the surface of porous silicon as molecular 
recombinationn channels, were considered to explain the light emission 
off  porous silicon. As these models are applicable only to some special 
materials,, they are not widely accepted to describe the general origin of 
thee luminescence of porous silicon [14]. 

Byy an electro-chemical method the free-standing yellow silicon-based 
fibersfibers have been fabricated and separated from the top-most layers of 
anodizedd silicon epitaxial wafers. These fibers and the remaining black 
siliconn layers on the silicon substrates exhibit intensive photolumines-
cencee in the visible range at room temperature. In this chapter, the 
sample-fabricationn process and the study of the microstructure of the 
as-preparedd yellow silicon-based fibers are presented. From microscopic 
structuree analyses, such as optical microscopy image, Atomic Force Mi-
croscopyy (AFM), X-ray Photoelectron Spectroscopy (XPS) and photolu-
minescence,, silicon nanocrystals have been identified in the yellow silicon-
basedd fibers [15, 16]. The optical properties of the yellow silicon-based 
fibersfibers are investigated by a chemical treatment in hydrofluoric (HF) solu-
tionss for different times. Raman scattering measurements are performed 
onn the yellow silicon-based fibers. A theoretical description of the Ra-
mann spectra has been performed assuming a localization of phonons in 
siliconn nanocrystals and nanowires. The theoretical calculations are in 
goodd agreement with experimental data. 

6.22 Experimental condition 

Startingg materials used to prepare samples were float-zoned, p-type epi-
taxiall  silicon wafers, which are oriented along the crystal-direction <111>. 
Thee room-temperature resistivity of the epitaxial layers was chosen in the 
rangee of 1-10 Qcm. After chemical cleaning, a thin aluminum film was 
evaporatedd on the back side of the wafer to form a metal-ohmic con-
tact.. The anodical etching of the mirror surface was performed for 5 to 
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Figuree 6.1: A typical optical microscope image of the free-standing yellow 
silicon-basedsilicon-based fibers. 

600 minutes at room temperature without any illumination, using a 1:1 
byy volume mixture of 50% HF and ethanol and a current density of 30 
mA/cm2.. After the anodizing process, the current was turned off, the sil-
iconn wafer was immediately cleaned in de-ionized water and dried in air. 
Thee anodical processes were proposed to be performed in the epitaxial 
layer.. It is shown that at the beginning of the anodical process of the 
siliconn wafer, wire-like structures were formed. After extended etching 
thesee wires thinned down into a network of connected fibers and eventu-
allyy some of them broke into nanocrystallites. The silicon nanocrystals 
weree incorporated in a silicon oxide matrix on the top of the anodized 
epitaxiall  layer. Below this a black silicon layer existed. Because of the 
differentt characteristics of the above silicon nanocrystals and the black 
siliconn layer, they have different surface strain coefficients. Then, as dry-
ing,, the silicon nanocrystals in the silicon oxide matrix became denser 
andd could be detached from the wafer during the drying process. Under 
certainn conditions due to the strain effects the small yellow fibers sepa-
ratedd from the silicon wafer. These yellow silicon-based fibers lay on the 
surfacee of the silicon wafer in radial directions. 
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Thee Atomic Force Microscopy analysis was performed using a Digital 
Instrumentt Scanning Probe Microscope System (Nanoscope-E) operat-
ingg in the atomic force regime. For photoluminescence experiments the 
samplee was placed in a variable temperature cryostat. The excitation 
sourcee was a 365 nm line from a mercury lamp (Oriel 68810) with a 
powerr in the 200-500 W range. The light emission from the sample was 
focusedd into a 0.1 mm slit of a monochromator SPM2. The signal was 
detectedd by a photomultiplier (Oriel 77344) operating at room tempera-
ture.. For the Raman scattering experiment, the sample was excited by 
aa 488 nm line of an Argon ion laser. The emitted light was dispersed by 
aa double-monochromator of type Jobin-Yvon HDR-2 and detected by a 
cooledd Hamamatsu photomultiplier C-2761 in a photon-counting mode. 
Thee experiments were carried out at room temperature. 

6.33 Crystalline structure analyses 

Ann optical microscopy image of the as-prepared yellow silicon-based fibers 
iss shown in Fig. 6.1. A detailed observation shows that initially after sep-
arationn from the silicon wafer the fibers were flat. Then they waved 
themselvess as drying and resulted to the trough-like shape. The diameter 
off  the fibers is a few tens of micrometers. Their thickness can be var-
iedd from submicrometers to a few micrometers depending on the doping 
concentrationn of the epitaxial layers and preparation processes. 

Inn the Atomic Force Microscopy technique, a topology of the sample 
surfacee is recorded. AFM images cannot show absolute grain sizes of the 
samplee due to the convolution effect on the atomic scale between the size 
off  the probing tip and the sample surface morphology. In fact, the numer-
icall  value revealed from this method is larger than the actual grain size, 
butt based on an AFM image the average size of the nanocrystals could 
bee estimated [17, 18]. Fig. 6.2 shows an AFM image of a yellow silicon-
basedd fiber. It has been taken along the crystalline <111> direction, i.e., 
perpendicularr to the surface of the yellow silicon-based fiber. The yellow 
silicon-basedd fiber consists of clusters of 20—50 nm in diameter as can be 
seenn in Fig. 6.2. 

X-rayy diffraction experiments performed on the yellow silicon-based 
fibersfibers show a pronounced peak centered at 21° in the X-ray diffraction 
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Figuree 6.2: Atomic Force Microscopy image of the free-standing yellow 
silicon-basedsilicon-based fiber. 

linee profiles, belonging to the amorphous silicon oxide, and another peak 
att 28.5°, corresponding to the <l l l>-oriented crystalline silicon. This 
peakk is broadened both towards smaller as well as larger angles [16]. The 
X-rayy diffraction line profile shows the presence of silicon crystals in the 
fibers.. From the position and the broadening of the X-ray diffraction line 
profilee information about effective crystalline size and lattice distortions 
[19]]  could be obtained. 

Thee X-ray Photoelectron Spectroscopy can give information about 
elementall  concentrations at the surface of the sample. By this method 
thee atomic concentrations of elements of the yellow silicon-based fibers 
weree determined at different positions of the sample and are listed in 
Tablee 6.1. It was concluded [16, 20, 21] that the fibers consist mainly of 
silicon,, oxygen and carbon. The atomic percentages of the elements are 
43.733 at.% for oxygen, 46.04 at.% for silicon and 10.23 at.% for carbon. 
I tt should be noted that such a concentration of oxygen is not enough to 
formm a silicon dioxide layer (SiC )̂ in the yellow silicon-based fibers. The 
originn of the carbon could be related to either ethanol (C2H5OH) in the 
electrolytee or to an absorption from air. No fluoride and hydrogen were 
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Tablee 6.1: Average atomic concentrations of elements of the yellow 
silicon-basedsilicon-based fibers determined by X-ray Photoelectron Spectroscopy. 

Point t 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 

Average e 

Sii  (%) 

43.42 2 
45.77 7 
44.74 4 
46.56 6 
47.25 5 
48.49 9 

46.04 4 

C(%) ) 

8.00 0 
8.41 1 
9.66 6 
10.10 0 
12.34 4 
12.86 6 

10.23 3 

0 ( %) ) 

48.58 8 
45.82 2 
45.60 0 
43.34 4 
40.41 1 
38.65 5 

43.73 3 

detectedd attesting that there is either no presence of these elements in 
thee structure of the fibers or their concentrations are very small to be 
detected. . 

Concludingg this section, it was found that the yellow silicon-based 
fibersfibers consist of nanoscale clusters of 20—50 nm diameter. The clusters 
containn silicon nanocrystalline particles surrounded by a layer of imperfect 
siliconn oxide SiOx (x<2). 

6.44 Photoluminescence study 

6.4.11 Photoluminescence spectra 

Underr illumination by an ultraviolet excitation source the yellow silicon-
basedd fibers emitted intense photoluminescence at room temperature. 
Thee PL wavelength was obtained in the range of 500 to 800 nm (2.48 
too 1.55 eV) depending on the resistivity of the epitaxial silicon wafers 
andd sample preparation conditions. The black silicon layer remaining on 
thee anodized silicon wafer also emitted luminescence in the visible range 
att room temperature. Fig. 6.3 shows photoluminescence spectra of the 
yelloww silicon-based fibers and the black silicon layer of the same wafer 
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Figuree 6.3: Photoluminescence spectra of (a) the free-standing yellow 
silicon-basedsilicon-based fibers, (b) the black silicon layer. Spectra were recorded at 
roomroom temperature using the 365 nm line of the mercury lamp to excite the 
samples. samples. 

underr excitation of the 365 nm line of the mercury lamp. The wavelength 
andd the width of PL bands are consistent with the results reported for 
siliconn grains of nanoscale size [2]. A red shift of PL peak of the black 
siliconn layer compared to those of the yellow silicon-based fibers has been 
observed.. This red shift implies that the silicon grains are somewhat 
largerr in the black silicon layer than those in the yellow silicon-based 
fibers. . 

6.4.22 Optical properties of the yellow silicon-based fibers 
investigatedd by chemical treatment in hydrofluori c 
solutions s 

Inn the previous sections it was suggested that the yellow silicon-based 
fibersfibers consist of nanocrystallites surrounded by a silicon oxide layer. By 
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Figuree 6.4: Changing of the photoluminescence peak wavelength and in-
tensitytensity of the yellow silicon-based fibers after treatments in a HF solution. 
PhotoluminescencePhotoluminescence spectra of the free-standing yellow silicon-based fibers 
takentaken at room temperature under excitation of 365 nm line of the mercury 
lamplamp (a), after dipping sample in HF 50% solution for 1 minutes (b), 5 
minutesminutes (c) and 15 minutes (d). 

etchingg the porous silicon in a hydrofluoric (HF) solution the silicon oxide 
layerr is removed. The surfaces of the nanocrystallites are changed and 
hencee the photoluminescence of the nanocrystals. The quenching of PL 
intensityy of the yellow silicon-based fibers is observed when Si-Hz bonds 
(x(x = 1 -i- 3) on the surfaces of the nanocrystallites were decomposed by 
aa laser irradiation [22]. Fig. 6.4 illustrates the PL spectra recorded for 
as-preparedd yellow silicon-based fibers and after several steps of HF treat-
mentt when dipping the sample in a water and HF (50%) solution of 1:1 
volumee mixture for different times. In the experiments, the samples were 
continuouslyy excited by the ultraviolet beam. The photoluminescence 
intensityy of the yellow silicon-based fibers first increases for short-time 
treatmentt and then gradually decreases when keeping the sample in the 
HFF solution for longer times. The PL peak continuously shifts to shorter 
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Figuree 6.5: Changing of the photoluminescence peak wavelength and in-
tensitytensity of the as-prepared yellow silicon-based fibers (a) and after storing 
samplesample in air for six months (b). 

wavelengthh with increasing time. These behaviors were obtained for all 
investigatedd samples. 

Att present, the quantum confinement effect is a unique model to 
explainn the main experimental observations of the light emission from 
porouss silicon [14]. Based on this model, theoretical calculations satisfac-
torilyy described the optical properties of nanocrystalline particles, such 
ass band-gap extension, radiative lifetime and excitonic exchange split-
tingg of luminescent states [23]. In the quantum confinement model, both 
excitationn and de-excitation processes occur in nanocrystalline particles. 
However,, the nanostructural size distribution is not the only possibility 
too describe the changing of PL peaks and its intensity when the surface of 
thee silicon nanocrystals is changed by external conditions. The surface-
statee passivation by hydrogen or oxygen plays a role in the wavelength 
shiftt and intensity of the visible emission of porous silicon. Most surface 
statess are dangling bonds, which behave as nonradiative recombination 
centers.. In the yellow silicon-based fibers the Si-Hx bonds on the surface, 
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ass revealed by the XPS results, are not observed. In hydrofluoric envi-
ronmentt the SiOx layers are removed. The passivation of surface centers 
byy hydrogen in HF leads to creation of Si-H, Si-H2 bonds and reduces 
thee nonradiative recombination centers. The PL intensity therefore in-
creasess after short-time treatment of the sample in the HF solution. At 
thee same time, the silicon nanocrystalline particles are oxidized by con-
tinuouss exposition of the sample to ultraviolet beam. The PL peak shows 
aa blue shift as the silicon nanocrystals become smaller. For longer times 
off  treatment the PL intensity is decreased since the smaller particles are 
completelyy etched away. The oxidation effect of silicon nanocrystals in 
thee yellow silicon-based fibers is also obtained by storage of the sample 
inn air. Fig. 6.5 shows the PL spectra of as-prepared yellow silicon-based 
fibersfibers and of the same sample after about six months storage in air: the 
siliconn nanocrystalline grains were oxidized and the size became smaller. 
Ass a result, a blue shift of the PL peak and a reduction of PL intensity 
aree observed. 

6.55 Raman scattering study 

Ramann spectroscopy has proved to be a powerful, convenient and non-
destructivee method to detect deviations from the perfect crystalline struc-
turee and also the structural homogeneity in the samples [24, 25, 26, 27]. 
Inn the perfect crystalline silicon, only optical phonons at the Brillouin 
zonee center (q—0) are observed in the Raman scattering spectrum due 
too the conservation of momentum Tiq, but in a nanometer-sized system 
thiss is no longer valid. It is clear that when a phonon is confined within 
aa space AL , the uncertainty of momentum is given by the Heisenberg 
uncertaintyy relation AqAL > 2n. As a consequence, a phonon of mo-
mentumm uncertainty around the center of the Brillouin zone wil l be opti-
callyy active. The Raman spectra of nanocrystalline materials are shifted 
towardss lower wavenumbers and broadened because of this momentum 
uncertaintyy and the downward bending of the dispersion relation of the 
opticall  phonons. 

Ramann scattering experiments were carried out and analyzed on yel-
loww silicon-based fibers. The Raman spectra are plotted in Fig. 6.6 for two 
typicall  yellow silicon samples prepared from different resistivity wafers 
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Figuree 6.6: Raman spectra of a bulk silicon crystalline wafer (a) and of 
thethe yellow silicon-based fibers from silicon wafers of different resistivity 
(b,c).(b,c). The solid lines are the best fits to Eq. 6.6 calculated for spherical 
siliconsilicon nanocrystals with Fourier coefficient given by Eq. 6.8. These lead 
toto the  nm size of nanocrystalline grains in the yellow silicon-based 
fibers. fibers. 

andd an anodization time in the range of 5—60 minutes. The Raman 
peakss of different samples are at about 500 cm- 1 wavenumber, which 
hass a deviation to shorter wavenumbers of about 20 cm- 1 from the peak 
wavenumberr at 521 cm- 1 of the optical phonon in the perfect crystalline 
silicon.. The Raman curves of the yellow silicon-based fibers are asymmet-
ricc with the full-width-at-half-maximum (FWHM) of the spectra being 
35-455 cm-1. 

Fromm the results of crystalline structure analyses described in the pre-
viouss section, it is now assumed that the yellow silicon-based fibers consist 
off  spherical silicon nanocrystals of diameter L embedded in SiOx (x < 2) 
orr of nanowires having cylindrical shape with cross-section diameter L\ 
andd length L2. Starting from the model for one-phonon Raman scatter-
ingg spectrum in microcrystalline materials [25, 26], the wavefunction of a 
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phononn of wavevector ft in a n infinite crystal is given by 

*(*,* ' )) = «(ft, r )e - ' * - ', (6.1) 

wheree u(ft ,r) has the periodicity of the lattice. In a finite crystal of 
dimensionn L, the phonon wavefunction is replaced by 

*(«,»=)) = W(f,L)$(qb,r), (6.2) 

* ( f t , 00 = u(f t , f ) t f iöö,*) , (6.3) 

wheree W(f,L ) is a weighting function, \Pi(ft,r) = W(r,L)e~l^°r. 
Too obtain the equation for the Raman scattering intensity, the wave-

functionn \I>i is expanded in a Fourier series: 

* l ( f t , r )) = JC(q0,q)el?fdq, (6.4) 

wheree the Fourier coefficient C(ft,g) is determined as 

C(qo,q)C(qo,q) = ? 2 ^ ƒ * ! ( « » ^ c - ^ d r. (6.5) 

Thee first-order Raman scattering intensity is then given by 

I(u)I(u) oc / 
JoJo [u-

C ( ° ' 9 " ) | 22 * , (6.6) 
^(?)]22 + ( r0 /2 )2 

wheree To = 3.5 cm- 1 is the silicon LO phonon line width and oj(q) is the 
dispersionn relation of the optical phonon, which is given by 

u\q)u\q) = A + B c o s ( ^ ), (6.7) 

withh A = 1.714xl05 cm- 2, B = 1x10s cm- 2 [28, 29]. The parameter a 
iss the lattice constant. The form of C(0,g), as ft = 0, depends on the 
chosenn weighting function. In this case, a Gaussian function has been 
chosenn as weighting function and the following Fourier coefficients are 
obtainedd for the spherical silicon nanocrystals of diameter L: 

| C ( 0 ,9 ) | 2 « ( § ) 3 e x p ( - ^)) (6.8) 
a a 167T2 2 
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Figuree 6.7: The calculated relationship between full-width-at-half-
maximum,maximum, peak shift and nanocrystalline size parameters for (a) spherical 
siliconsilicon nanocrystals of diameter L and (b) cylindrical silicon columns of 
cross-sectioncross-section diameter L\ and length Li- Experimental points are for (o) 
CampbellCampbell and Fauchet [25], (<) Kanemitsu [29], (*) Iqbal and Veprek [30] 
andand this work

andd for the cylindrical silicon columns with cross-section diameter L\ and 
lengthh L2: 

C(0,?i,g2) ) 
22 r 2 

(-rfexp(-(-rfexp(-HH-^)exp( -^)exp( q(L q(L 
16^ ^ 1 6 T T2 ' ' 

11 - erf ( 
iqiq22LL2 2 

32TT' ' 

(6.9) ) 

Thee calculations show that with decreasing diameter L of the spherical (or 
L\L\ of the cylindrical column) silicon nanocrystals the Raman peak shifts 
fromm the line of 521 cm- 1 towards shorter wavenumbers, and the spec-
trumm is broader and becomes asymmetrical. In Fig. 6.7 the solid curves 
illustratee the calculated relationship between peak shift of the Raman 
scatteringg spectrum (Aw), full-width-at-half-maximum (r) and nanocrys-
tallinee size parameter L and L\ for spherical and cylindrical grain shapes, 
respectively.. The experimental results of this work and of other authors 
[25,, 29, 30] are also shown in Fig. 6.7. As can be seen from these results, 
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thee Raman spectra of the yellow silicon-based fibers are well described 
byy the spherical model in which the diameters of silicon nanocrystals 
aree between 2—3 nm. One can, therefore, find a reasonable agreement 
betweenn the experimental and the calculated results using the spheri-
call  model for the silicon nanocrystals rather than the cylindrical model. 
Fig.. 6.6 illustrates the Raman spectra with the solid curves that are the 
bestt fits for different samples. The experimental Raman spectra of the 
yelloww silicon-based fibers are well reproduced by the calculated curves. 
Fromm the calculated curves the average diameter of silicon nanocrystals 
LLavav = 2.5  0.5 nm is obtained. Although in the AFM image, as illus-
tratedd in Fig. 6.2, it is shown that such yellow silicon-based fibers consist 
off  clusters of an order of tens nanometers in diameter, the size of the 
siliconn nanocrystals in yellow silicon-based fibers is much smaller and the 
averagee diameter is of few nanometers. The results are consistent with 
thee other finding for the investigated porous silicon materials [31] and by 
thee thermo-gravimetrical method [32]. 

6.66 Conclusions 

Thiss chapter presents experimental results on the formation of yellow 
silicon-basedd fibers from anodized epitaxial silicon layers. The micro-
scopicc structure analyses show that the yellow silicon-based fibers consist 
off  clusters of nanocrystalline silicon imbedded in an imperfect silicon ox-
ide.. Optical properties of the fibers can be described by the quantum 
confinementt model with hydrogen passivation of surface states. Raman 
scatteringg analysis reveals the average crystalline size of the silicon crys-
talss in the yellow silicon-based fibers to be approximately 2.5 nm. 
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