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de Bordeaux 1, 351 Cours de la Libbration, F-33405 Talence, France 

Abstract : Several aspects of Raman and micro-Raman spectroscopy are shown and applied 
for the characterization of semiconductor materials and bi-layers of semiconductor 
on semiconductor and insulator on semiconductor. 

As a molecular technique, Raman spectroscopy will inform not only on the 
nature of elements but also on chemical bonds between atoms. 

Raman spectroscopy also permits the studies of disordered or amorphous 
materials. 

Based on the anisotropy in Raman scattering, the determination of the 
orientation of surfaces and thin layers becomes also easy. 

Micro-Raman spectroscopy, with a spatial resolution of the order of 1 pm2, 
allows the study of heterogenous or very small materials. This technique is very 
helpful in the determination of heterogeneity, stress and gradient in semiconductors. 

On step-etched or bevelled samples of a bi-layer, micro-Raman spectroscopy 
helps to examine the epitaxy quality of the deposit versus its thickness and also to 
detect eventual chemical bonds between deposit and substrate. 

1 - INTRODUCTION 
In materials sciences, final application is of course a very important end. But 

this stage is necessarily preceeded by syntheses and characterization steps and the 
explanation of mechanisms and properties. 

Morphological and elemental characterization methods are widely used for new 
advanced materials. Vibrational spectroscopy, especially Raman spectroscopy has the 
advantage to be a molecular method. By the examination of Raman frequencies, intensities 
and band shapes, one can deduce the nature and the force of chemical bonds linking the 
atoms in the examined samples [I-61. As these spectral characteristics change with the 
interaction between a group of atoms of the system ; a study of these changes can inform on 
the nature and the forces of the interaction. 

When approaching the exciting light energy to that of a chromophore (Fig.11, 
resonance Raman effect can appear and gives an intensity enhancement reaching more than 
one million of time [7,81. In consequence, the concentration or amount of submitted sample 
can be reduced by the same factor. 

In addition, by coupling an optical microscope to a Raman spectrometer (Fig.2), 
spatial resolution can be reduced to less that 1 pm2. Thus, small samples, as well as 
differents spots of a sample or heterogenous materials can give specific Raman spectra by 
this non destructive technique [91. 
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In this paper, we shall present an application of micro- Raman spectroscopy in the 
studies of materials and interfaces interesting for particular microelectronics. 
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Fig.l -Energy scheme in light scattering. 

2 - SEMICONDUCTORS : STRUCTURES AND RAMAN SPECTRA 
2.1 - Phonons and elements identification. 
For single element materials, the phonon frequencies can inform on the nature of the 

element. 
For covalent materials with cubic diamond structure such as  silicium or 

germanium, the optic modes are degenerate and only one first-order mode is active in Raman 
scattering. For crystalline silicon, the Raman first phonon appears a t  521 cm-l, while for 
germanium i t  is located at 300 em-' and for diamond itself, a strong Raman peak is recorded 
a t  1331 cm-l. The heavier oscillator vibrates a t  the lower frequency. 

For diatomic AB species, the frequency of vibration along the chemical bond is given, 
in the harmonic approximation, by - 
where K is the force constant, p the reduced mass 11p = l l m ~  + l l m ~ ,  c the velocity of light ; 
mA and mg are the atomic masses of A and B atoms. 

SAMPLE 

s 

Fig.2 - Scheme of a micro-Raman spectrometer. 



In fact, in the solid state, a motion of each atom induces the motion of i ts  
neighbouring atoms ; thus, a vibration is not strictly localized on a chemical bond but 
represents an oscillation or phonon of the whole solid network : all vibrations in a unit cell 
and the three rotations of the unit cell become optic vibrations of the crystal, while the three 
translations of the unit cell remain as translations or acoustic modes of the crystal. The 
latter modes have zero frequency in the Brillouin zone centre. The oscillation mode is called 
longitudinal or transverse when the polarization or electric dipole moment of the medium 
is parallel or perpenducular to the phonon propagation direction or wave vector in the 
medium. 

In diamond structure materials, the two TO ( t ransverse  optic) and LO 
(longitudinal optic) modes colndde by degeneracy. 

2.2 - Bi-phonons, multiphonons. 
I .  fact, the harmonic approximation is only a simplifying treatment, as on a Raman 

spectrum of a solid material, not only first order phonon is observed, but biphonons, even 
multiphonons can also appear. Such is the case of crystalline silicon which shows first order 
phonon at 521 cm-l, bi-phonons around 1000 cm-' and tri-phonons near 1500 cm-' (Fig.3). 

Fig.3 - Bi and tri-phonons of crystalline silicon. 
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2.3 - Zinc blende structure materials 
For non centro-symetric crystals with zinc blende structure such as GaAs, InP, etc ... 

the degeneracy is split and both TO and LO modes can appear in Raman scattering (Fig.4). 
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Fig.4 - TO and LO modes in ZnP. 
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The relative intensity of these two phonons depends on the orientation, on the disorder or on 
the doping [lo-151. 

TABLE I - Transverse and longitudinal optic modes, in cm-I, 
of zinc blende structure semidonductor crystals T161. 

I- 

Materials 

ZnS 
ZnSe 
ZnTe 
GaAs 

Gap 
GaSb 
InP 

I f J I f I 1 I 
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Fig.5 - TO and LO modes of GaAs at various thicknesses. 

TO 

273 
205 
177 
269 
367 
231 
304 

For instance, a GaAs epitaxial film on a silicon substrate does not give good 
orientation a t  every thichness. At the first inner layers, due to lattice mismatch, both TO and 
LO Raman phonons are observed (Fig.5). While a t  thickness h igher than 1.3 ym the layer 
becomes good oriented and only the LO mode a t  293 cm-I is observed [171. Of course, the 
quality of the epitaxy is increased with appropriate treatment of the substrate before the 
deposition. 

It is also well-known that n or p doping gives characteristic modifications of the 
Raman spectrum of III-V semiconductors, in particular resonant conditions can be realized 
which gives rise to spectral features due to coupled plasmons-LO phonons [13]. 

LO 

351 
250 
205 
292 
403 
241 
345 



2.4 - Effect of charge 
Among dopants in inclusion or partners in semiconductors, oxygen is frequently 

present. Raman spectroscopy can help to detect it. The frequency of this homopolar diatomic 
species is very sensitive to the effect of charge 1181 on the oscillator (Table It). 

TABLE I1 - Frequencies and force constants of homopolar diatomic oxygens. 

2.5 - Disorder, stress, amorphicity 
Although vibrational spectroscopy is only an indirect method for the structural 

determination, this technique presents some advantage in. comparison to other direct 
diffraction methods, in the studies of amorphous or disordered materials 1191. 

WAVENUMBERICM-1 

Fig.6 - Raman spectrum of amorphous silicon. 

For silicon, it is not only easy to distinguish crystalline silicon from amorphous 
silicon (Fig.6) but one is able to follow several degrees of amorphicity by measuring the 
frequency, varying from 461 em-' in totally amorphous, to 521 em-' in bulk crystalline silicon. 
Of course, the band width at  half intensity or the band shape can also help to understand the 
dynamic aspect of the silicon motion inside of the disordered network. This technique is 
particularly helpful in the characterization of a silicon annealed by laser (1). 
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Fig.7 - Raman spectra of small silicon aggregates. 
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Recently, small aggregates, silicon dimers, trimers, etc... in a silicon-carbide matrix 
has been shown [22] as having characteristic Raman frequency, higher than 521 un-' of bulk 
silicon, from 524 to 542 cm-', the latter corresponds to Si-Si dimers (Fig.?). 

The stretching frequency is also sensitive to the stress in the material [201. 
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Fig.8 - Raman spectrum of Ge-Si alloy. 

3 - CHEMICAL BONDS IN SEMICONDUCTORS. 
3.1 - Heteroatom chemical bonds. 
While many techniques can inform on the nature of the elements of a material 

sample, Raman spectroscopy can also give the evidence of chemical bonds between atoms, 
either the sample is in the gazeous, liquid or solid state. 

The Raman spectrum of a Ge0.74 Ge0.26 alloy (Fig.8), shows not only bands 
characteristic of Si-Si bond a t  466 cm-I and Ge-Ge bond a t  272 cm-I but also Ge-Si bond a t  
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Fig.9 - Raman spectrum of carbon impurity in silicon. 



388 cm-I 1211. In addition, the frequency and the relative intensity of these bands compared to 
those of pure Si (521 an-') and Ge (300 cm-') also indicate the aggregate composition and 
geometry of the alloy. 

3.2 - Impurities in silicon 
Among the impurities which are present in silicon, carbon is frequently found. 

Raman spectroscopy is an easy technique to detect it, not only for its identification, but also 
for the characterization of its degree of graphitization [22,231, as amorphous carbon possesses 
two Raman peaks a t  1350 and 1580 an-', while graphite of high graphitization degree 
presents only one C-C band a t  1580 cm-l. Chemical bonds between C and Si are also 
detected (Fig.9). 

3.3 - High temperature semiconductors : diamond. 
Diamond films are now obtained by simple chemical vapour deposition methods at  

low temperature and pressure. 

By Raman spectroscopic examination, two kinds of diamond films can be 
distinguished. One of them has the Raman peak characteristic of diamond (Fig.101, with its 

Fig.10 - Raman spectrum of diamond Fig.11 - Raman spectrum of 'Wamite "or bridged graphite'! 

frequency varying from 1331 to 1345cm-' and half-band-width from 1.7 to 15 cm-' depending 
on its distorsion from the ideal cubic structure. The second series are diamond-like and has 
its C-C "stretching" frequency around 1540 f 20 cm-I (Fig.11). This corresponds to a new 
structure named "diamite" or "bridged graphite" where some carbon atoms get out of the 
graphitic layer making possible the bonding between adjacent layers [231. 
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3.4 - Phase conversions 
In the series of new Y-Ba-Cu-0 copper oxides, YBa2Cu306 is semiconductor. When 

the vacancies in its structure are partially occupied by oxygen, the material becomes a 
superconductor. With YBa2Cu307, the Tc reaches 92 K. Raman spectroscopy is an  easy 
method to identify them (Fig.12). In addition, the Raman frequency VH corresponding mainly 
to the stretching of the Cu201 bonds along the c axis allows a rapid evaluation [6,24,251 of the 
oxygen content in YBa2Cu30x : 

x = 0.025 VH - 5.57 Ax = f 0.05 
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Fig.12 - ZZ polarized Raman spectra of YBa2Cu3O6 and YBa2Cu30p. 

In YBa2Cu307 (Y123), there is one Cu104 layer between the two BaO1 layers. Very 
recently a new and very promissing material presents two Cu104 layers between the two 
BaO1 layers : YBa2Cu40g (Y124) (leading to two Raman Cu-0 bands in polarized spectrum 
along c axis (Fig.13). The conversion of Y124 into Y123 is easily followed by Raman 
spectroscopy : the frequency shifts also help to explain the change in bond length and in the 
size of their unit cell, in particular in the c axis. 

4 

Fig.13 - Raman spectrum of YBa2Cu4O8. 



4 - ORIENTATION OF SURFACES AND THIN LAYERS 
Based on strong anisotropy frequently existing in Raman scattering (Fig.141, the 

orientation of a surface on thin layer can be determined E25,27-291 by recording i ts  
perpendicular back-scattering and by referring to a calibration made with polarized Raman 
spectra of known oriented single crystals. 

Fig.14 -Polarized Raman spectra of YBa2Cu306 single crystal. 

5 -  INTERFACE - CHEMICAL BONDING BETWEEN DEPOSIT 
AND SUBSTRATE 

In bi-layers of semiconductor on semiconductor or semiconductor on insulator, the 

nature of the interface depends strongly on the lattice mismatch and on the preparation 
conditions. Rarnan spectroscopy can help to detect structural modifications around the 
interface and eventually new chemical bonds which can occur between deposit and substrate 
by applying the method described above on step-etched or bevelled samples (Fig.15). 

With GaAs on Ge [171, both Ga-Ge and As-Ge bonds were shown (Fig.16). With GaAs 
on Si [11,301, only As-Si bonds are detected (Fig.17). 

DEPOSIT 

SUBSTRATE 

A B 

Fig. 15 - Step-etched and bevelled bi-layers. 
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Fig. 16 - Raman spectrum at the interface Fig.17 - Raman spectrum at the interface 
of GaAslGe. of GaAslSi. 

For insulator SrF2 deposited on InP (100) substrate [311, P-F seemed to be the 
only one existing chemical bond (Fig.18). For obtaining the Raman spectrum of the interface 
in this case, no further sample preparation was needed as the insulator SrF2 is transparent 
to the laser used. 

Fig.18 -Raman spectrum at the interface of SrF21ZnP. 
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6 - CONCLUSION 
Some above examples illustrate the ability of Raman and micro-Raman in  the 

characterization of semiconductor bulk materials, surfaces and interfaces. 
The technique informs not only in the nature of the elements, but also on the 

chemical bonds between atoms. It presents also the advantage in the studies of amorphous 
and disordered materials. 

Due to high anisotropy observed in Raman polarization, the determination of the 
orientation of a surface or thin layer becomes easy. 

Finally, thanks to the spatial resolution of the order of 1 pm2 of micro-Raman 
technique, the studies of heterogenous or very small samples, as well as that of stress or 
gradient become also easy. 
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