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Defects in Crystals Studied by Raman 
Scattering 

Masahiro Kitajima 
National Research Institute for Metals, 1-2-1 Sengen, Tsukuba, Ibaraki, 305 Japan; 
e-rnail kitajirnaQ nrim.go.jp 

ABSTRACT: Raman studies of crystal defects are reviewed. Raman spectroscopy is a powerful 
technique and has been used widely for investigating disordered structures. The degree of 
disorder in  a crystal is quantitatively evaluated in terms of the phonon correlation length. The 
asymmetric Raman line shapes in  defective crystals such as microcrystals, ion-implanted semi- 
conductors are well reproduced by the spatial correlation (SC) model. The effect of alloying 
induced-potential fluctuations on Raman scattering is also explained within the framework of the 
SC model. In disordered graphite, the in-plane phonon correlation length is obtained from the 
relative intensity ratio of the disorder induced peak. The initial lattice disordering rates and the 
relaxation rates of disorder are determined, using real-time Raman measurements during ion 
irradiation in a scale of seconds. In this way, the phonon confinement due to the local defects is 
observed in the kinetic manner. Localized vibrational modes of defects in crystals are also 
described. In particular, Raman observation of the hydrogen molecule in crystalline semiconduc- 
tors is discussed in detail. 

KEY WORDS: Raman scattering, defects in crystals, disordering kinetics, optical phonon 
modes, localized vibrational modes. 
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1 . INTRODUCTION 

Raman scattering has been used widely 
for investigating disordered structures such 
as micro- or nano.crystals. alloys or com- 
pounds. mixed oxides. impuri ties-doped 
semiconductors. and ion-implanted crystals . 
For studying defects in crystals by Raman 
scattering. there are generally two angles to 
analyze the Raman spectra: one from opti- 
cal phonon modes and the other from local 

modes . ( 1 )  We can learn about the degree of 
disorder in crystals from spectral shape 
changes of optical phonons . One of the most 
important selection rules for light scattering 
processes in crystals is the conversion of 
the wave.vector . In Raman scattering from 
perfect crystals. only phonon modes near 
the center of the Brillouin-zone (T-point) 
are observed. owing to the wave-vector se- 
lection rule . For disordered crystals. the 
periodicity diminishes and Raman scatter- 
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ing can be observed for phonon modes hav- 
ing in  principle any wave vector. In other 
words, nonperiodicity causes the relaxation 
of the wave vector selection rules, and hence 
phonon modes having wave-vectors other 
than q = 0 are also observed.*.* The relax- 
ation of the selection rule leads to changes in 
the line shape for the phonon mode and this 
is observed frequently in disordered semi- 
conductors. In some crystals, the relaxation 
induces a development of a new Raman line 
that cannot be allowed to appear in perfect 
crystals. (2) The Raman scattering enables 
us to directly identify local vibrational modes 
that are related to configurations of impuri- 
ties or vacancies. This method provides more 
detailed information on the identity and the 
location of the isolated defects. 

Thus, Raman spectra provides impor- 
tant information on disordered materials 
such as size of microcrystal or cluster, den- 
sity of defects, strains or stresses, damage 
profiles, identity of impurities, and their 
chemical states. Nondestructive kinetic stud- 
ies on disordering and relaxation of the dis- 
ordered structures are also possible com- 
bined with real-time techniques. There are 
many papers on the Raman scattering of 
disordered crystals of semiconductors and 
carbon materials, as referred in this review. 
In particular, Raman scattering has been 
applied successfully to the studies of disor- 
dering in crystals induced by ion implanta- 
tion. 

In this article, the most recent results on 
Raman spectroscopic studies of defects in 
crystals are reviewed. We focus mostly on 
semiconductors and graphite. 

II .  RAMAN SCAlTERING AND 
CRYSTALS 

In this article we briefly explain the 
basic physics of Raman scattering from crys- 
tals. Particularly, the physical meaning of 
the wave-vector selection rule, which is 

important for considering the effects of dis- 
order in crystals on Raman scattering, is 
stressed. When monochromatic radiation of 
wave number vi is incident on a substance 
like molecule or crystal, most of it is trans- 
mitted without change, but, in addition, some 
scattering of the radiation occurs. If the fre- 
quency content of the scattered radiation is 
analyzed, you can observe not only the wave 
number vi associated with the incident ra- 
diation but also, in general, pairs of new 
wave numbers of the type v, = y k v,. In 
molecular systems, the wave numbers V, 
are found to lie principally in the ranges 
associated with transitions between rota- 
tional, vibrational, and electronic levels. 
Such scattering of radiation with change of 
wave numbers (or frequency) is called 
Raman scattering. 

The simplest picture of the mechanism 
of the Raman scattering is furnished by 
considering the interaction between a light 
quantum and a molecule, as a collision sat- 
isfying the law of conservation of energy. If 
the incident light quantum suffers a loss of 
energy as a result of the encounter, i t  ap- 
pears in the spectrum as a radiation of di- 
minished frequency (i.e., as a Stokes line), 
while the molecule that takes up the energy 
is transported to a higher level of rotation or 
vibration. It is also possible to conceive of 
collisions in which the molecule, already in 
an excited state, gives up its energy to the 
light quantum and comes down to a lower 
level. The scattered radiation then appears 
in the spectrum as a line of increased fre- 
quency (i.e., as an anti-Stokes line). In ei- 
ther case the spectral shifts of the modified 
radiations from the parent line give us a 
measure of the rotational or vibrational fre- 
quencies of the molecule. In a crystal the 
spectral shifts give vibrational frequencies 
of the optical phonon modes. The important 
parameters obtained from Raman scattering 
are the frequency shifts, the state of polar- 
ization, and the intensities of the Raman 
lines. The frequency shifts are expressed in 

277 



wave numbers (cm-I) and obtained as the 
differences of the wave numbers of the ex- 
citing (incident) line and the corresponding 
Raman lines (Raman shift). 

While infrared absorption involves only 
one transition, namely, the direct transition 
between the two states, the Raman scatter- 
ing is the result of a double transition in- 
volving three stationary levels. The Raman 
line corresponding to the transition from 
the initial level (i) to the final level (f) of the 
system can appear only when there is an 
intermediate level (also called the virtual 
level) that can combine with i andfin ab- 
sorption or emission. If there is no such 
intermediate state at all, the corresponding 
transition i -+ f is forbidden in the Raman 
scattering. The vibrations of a molecule that 
produce changes in the polarizability of the 
molecule make the molecule (or lattice) 
active in the Raman scattering, and the se- 
lection rules govern the appearance of a 
Raman line. The symmetric vibrations of 
the molecule (or lattice) that are usually 
missed in the infrared, comes out most 
prominently in Raman scattering. Gener- 
ally, the Raman spectra and the infrared 
absortion spectra are not identical but 
complementary in character. 

Raman scattering arises from the radiat- 
ing dipole moment induced in a system by 
the electric field of incident electromag- 
netic radiation. In a crystal the electric field 
of a plane, monochromatic wave of fre- 
quency vi propagating in a direction k, is 
represented by the expression 

The frequency of this exciting radiation is 
usually chosen to be in the visible region of 
the spectrum. Thus, v i i s  very large com- 
pared with the frequencies of any of the 
crystal vibrations. 

The dipole moment induced in the sys- 
tem of the exciting radiation is given by 
. 

where 01 is the polarizability tensor. Eq. 2 
describes polarization of the crystals, which 
is, in general, a function of the instanta- 
neous positions of the atoms in the lattice. 
Hence, the polarizability can be expanded 
in a set of normal coordinates of the crys- 
tals,"" viz., 

The h e a r  term in Qk is responsible for 
first-order scattering, while the quadratic 
and higher terms account for the second- 
and higher-order effects. 

In crystals, propagation of the lattice 
wave must be considered. Since the lattice 
wave of vibrational frequency vk propagat- 
ing in a direction given by the wave vector 
qk is represented by 

(4) 

for each normal coordinate, Qk, the induced 
dipole becomes, to first order,9 

m =  C L , ~ O e - i (  kj.r-2nvir) 

The first term corresponds to the Rayleigh 
scattering. The scattered light with a fre- 
quency vi T vk propagating in a direction 
ki k qk is then referred to the Raman scatter- 
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ing. (When acoustic frequencies are in- 
volved, the term Brillouin scattering is 
employed.) The frequencies given by vi T vk 
are the Stokes or the anti-Stokes Raman 
frequencies, depending on the choice of sign. 
For vibrations of molecules (or local vibra- 
tional modes in crystals), the phase term of 
ki k q k  is not included in the Raman scatter- 
ing processes because the positions of mol- 
ecules can be taken as r = 0. 

In crystals, as in isolated molecules, the 
vibrational energy levels take the form 

E,& = hv, n, +- , n, =0,1,2 ,... (6) ( 3 
in the harmonic approximation. However, 
in crystals the frequency vk is a function of 
the wave vector q, as determined by the 
dispersion relation (see, for example, Fig- 
ures 1 and 2). The quantum of energy of 
lattice vibration wave hv, is often referred 
to as a phonon, by analogy with the term 
photon for a quantum electromagnetic (light) 
energy. Phonons have directional proper- 
ties, as they depend directly on the wave 
vector, q. The effective momentum of a 
phonon can be represented by hq. Thus, the 
interaction of a phonon with a photon of 
electromagnetic radiation, for example, is 
governed by the law of conservation of 
momentum, as well as the usual principle of 
energy conservation. 

The conservation laws lead to the selec- 
tion rules for Raman scattering from crys- 
tals: 

v = f ( v i - v , )  and q=T(k,-k,)  (7) 

where v is the phonon frequency, and v, 
and k, are the frequency and the wave vec- 
tor of the scattered light, respectively. As 
the wavelength of the scattered light differs 
little from that of the incident radiation (A), 
then effectively k, = ki (=2xlA)and the mag- 

nitude of the wave vector of the scattering 
lattice wave is given by 

0 
q = 2ki sin - 

2 

where 8is the scattering angle with respect 
to the incident light beam. The value of q is 
no more than 47dh. Usually, we use a vis- 
ible laser light of about 500 nm wavelength, 
and, then, q is much smaller than the value 
of the Brillouin-zone boundary wave vec- 
tor, xla, because the lattice constant a could 
be an order of 1 nm. Hence, first-order 
Raman scattering only allows one to study 
the excitations near the center of the 
Brillouin zone in the phonon dispersion re- 
lation: the q = 0 selection rule.3 This wave 
vector selection rule in Raman scattering 
would be collapsed when introducing de- 
fects to crystals, leading to the optical Raman 
spectral changes, as discussed in detail in 
this review. 

For more detailed discussions of Raman 
scattering processes in solids, there are many 
good reviews.lg”ll 

111. PHONON CONFINEMENT AND 
RAMAN SCAlTERlNG IN 
DISORDERED CRYSTALS 

The Raman line shapes would change 
when introducing disorders to the crystals 
and are theoretically explained by several 
a~ tho r s .~J*J~~**  Here we explain the spatial 
correlation (SC) model, which many re- 
searchers are applying to the analyses for 
disordered crystals. The degree of disorder 
is quantitatively estimated in terms of the 
phonon correlation length, L, which corre- 
sponds to a length of phonon confinement 
by defects or a microcrystallite size. L can 
be obtained by applying the SC model to 
the analysis of the Raman phonon line shape, 
that is, frequency shift and line width. In 
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FIGURE 1. Phonon dispersion curves for Si. Solid lines show the adiabatic bond charge model results. Solid 
lines are experimemtal values. Dashed lines represent the VFF calculations. (see Ref. 49.) 

materials where disorder-induced Raman 
scattering (DIRS) peaks develop due to the 
relaxation of the q = 0 selection rule, we 
can obtain L in a much easier way from the 
relative intensity ratio of the DIRS peak 
with respect to the crystal peak. 

A. Spatial Correlation Model 

The spatial correlation (SC) model was 
originated by Richter et al.I2 to explain the 
line shape of the first-order Raman scatter- 
ing of microcrystalline silicon. As mentioned 
in the introduction, the region over which 
the spatial correlation function of the phonon 
extends is infinite in a perfect crystal. This 
leads to the usual plane wave phonon 
eigenstates and the q = 0 selection momen- 

tum rule of the first-order Raman scatter- 
ing. However, when the crystal is damaged 
by ion-irradiation or the material consists of 
rnicrocrystalli tes, the mode correlation func- 
tions become finite due to the defects. Thus, 
there is a relaxation of the q = 0 selection 
rule and associated with this relaxation, a 
finite phonon correlation length (L). This 
allows a greater range of phonon modes to 
contribute to Raman scattering: a range 
Aq - l/L of allowed phonon q values. Ex- 
perimentally, this is often observed as an 
asymmetrical broadening of the Raman line 
shape. 1E1S~17 

In an infinite crystal, the wave function 
of a phonon with wave vector q, has been 
described byI2 

~ ( q , , r )  = u(qo,r)eiq.r (9) 
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FIGURE 2. Phonon dispersion relations of graphitez0 and the corresponding phonon density of states.*’ 

where n(q,,r) has the periodicity of the lat- 
tice. When the crystal is defective, the 
phonon is supposed to be restricted to a 
spherical region of diameter L. The phonon 
confinement changes the phonon wave func- 
tion to 

where W(r,L)is the phonon weighing func- 
tion. The Gaussian function exp(-ar2/L2) has 
been used as W(r,L)I2-l6 to map the distribu- 
tion of microcrystals. There is no physical 
reason to assume this form of confinement 
or its particular value at the boundary.” 

Richter et al.12 first made a choice of a= 2 
for a microcrystal silicon as described later. 
Tiong et al.15 used a value of a= 8n2for ion- 
implanted GaAs crystals. Campbell and 
Fauchet discussed the value of a a n d  the 
effect of shape of micro- 
crystal on Raman spectra based on the SC 
m0de1.l~ 

To calculate the effect on the Raman 
spectrum Y’ i n  Eq. 10 is expanded in a 
Fourier series 

with Fourier coefficient C(q,,q) determined 
by 
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The phonon wavefunction of a defective 
crystal is a superposition of eigenfunctions 
with q vectors centered at qo. For the 
Gaussian weighing function, the Fourier 
coefficients are 

where we have neglected scale factors and 
assumed q, = 0 which is appropriate for one 
phonon scattering.I3 The first-order Raman 
spectrum, Z(O), is 

where o(q) is the phonon dispersion curve 
(o=2w) and ro is the natural line width. In 
Figure 1 the phonon dispersion curves of 
silicon are shown.J9 If L is finite and the 
phonon dispersion curves vary significantly 
in the region near q = 0, spectral features 
could shift or broaden (or new features could 
occur, as mentioned later in Section 1II.B). 
In the absence of phonon confinement (in- 
finite L)  Eq. 14 becomes a Lorentzian type,’3 

1 

In other words, phonon Raman lines change 
from a symmetric Lorentzian shape to asym- 
metric shapes when going from single (per- 
fect) crystal to microcrystalline structures. 

B. Disorder-Induced Raman 
Scattering 

The relaxation of the wave-vector se- 
lection rule, in addition to the asymmetric 
shape change of the first order Raman line, 

makes all non zero-center phonons (q # 0) 
observable. Thus, in some cases, we can 
observe very sensitively disorder induced 
Raman scattering (DIRS) peaks (they are 
also called DARS [disorder-activated Raman 
scattering]). Graphite is a good example of 
this case. Figure 2 shows phonon dispersion 
relations of graphite and the corresponding 
phonon density of states (DOS).20-22 While 
single-crystal graphite corresponding to the 
DOS exhibits a sharp line at 21580 cm-’ 
(G), disordered graphite exhibits an addi- 
tional line at =1360 cm-1 (D), as described 
in  more detail later. These two lines are the 
main peaks in the Raman spectrum of graph- 
ite. The G-peak is assigned to the Raman- 
active E,,-mode lattice vibration in the 
graphite-plane. On the other hand, the D- 
peak is a typical DIRS peak of graphite 
corresponding to a strong maximum of 
DOS,I9 which is not allowed to appear be- 
cause of the q = 0 selection rule i n  single 
crystal graphite. 

It is well known that the relative inten- 
sity ratio ( R )  of the D-peak with respect to 
the G-peak is inversely proportional to an 
in-plane microcrystallite size in graphite 
La.23 The relation is given by an empirical 
relation 

where the constant C is 4.4 nm.23.24 A Raman 
study of graphite with various crystallite 
sizes showed that La is considered to corre- 
spond to the in-plane phonon correlation 
length.2s.50 In graphite, La can be a measure 
of the microcrystallite size or the length of 
phonon propagation in the graphite plane. 
The appearance of the D-peak is well ex- 
plained if we consider the attenuation of 
the phonon wave functions by point de- 
f e c t ~ . ~ ~ ” ~  When phonon confinement occurs 
in the graphite plane (finite La), the D-peak 
appears (R increases) and the phonon corre- 
lation length or microcrytallite size de- 
creases. 
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IV. PHONON RAMAN SPECTRA IN 
DISORDERED CRYSTALS 

In Section 111, a theoretical background 
of asymmetric line broadening in disordered 
crystals and the phonon correlation length 
was discussed. In this section we explain 
examples of the measured Raman spectra 
of disordered semiconductors, insulators, 
and carbon materials. 

A. Microcrystals and Compounds 

1. Asymmetric Line Broadening 
and Frequency Shift 

Richter et al. first applied their SC model 
to microcrystalline (pc)-silicon.12 The 

Raman line of the pc-silicon is asymmetric 
with some tailing toward lower Raman 
shifts. This asymmetric lineshape and the 
shift are well reproduced by the SC model, 
as shown in Figure 3. Figure 4 shows the 
relationship between the Raman peak shift 
and the full linewidth. The solid line is cal- 
culated by Eq. 14 as a function of L. It is 
known that the width and the shift increase 
as L decreases. The agreement between 
theory and experiment is good. 

Nemanich et a1.28perforrned Raman scat- 
tering and X-ray diffraction measurements 
to correlate the finite size effects on Raman 
spectra of nonpolar vibrational modes in 
hexagonal BN. The Raman measurements 
showed that the E,, mode shifted to higher 
frequency and broadened as the microcrys- 
tal size decreased. They calculated the varia- 

Aw = 1.6 cm-I 
\ 

r =51cm- '  

Asymmet ry  = 
measured 

-calculated 

pc -Si 

FIGURE 3. Measured and calculated Raman line of a pc-Si sample. The dashed line indicates the Raman 
shift for c-Si. The calculation was made by Eq. 14.12 
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FIGURE 4. Relationship between shift Am and width Tof the Raman line in microcrystalline silicon.'2The 
points are from measurements on microcrystalline Si films prepared by the plasma transport method.12 
Crosses are values taken from Ref. 17. The solid line shows the calculated result using Eq. 14. 

tion of peak shift on 1/L, based on a similar 
idea with the relaxation of the q = 0 selec- 
tion rule to the SC model, and their calcu- 
lation was in good agreement with their 
observation (Figure 5 ) .  

Asymmetric Raman line broadenings 
were also observed in S i c  crystals contain- 
ing sticking  fault^,^.^^ S i c  and 
porous Another interesting example 
of line broadening is crystalline rutile 
(TiO,)? Raman measurements of rutile 
from 4 K to 500 K showed that the A,, and 
E, modes in defect rutile are broader than 
the corresponding bands of stoichiometric 
rutile. For example, at 80 K the E, band of 
stoichiometric rutile had a width of about 

12 cm-I, whereas in the non-stoichiometric 
rutile the width was 18 to 25 cm-I. As shown 
in Figure 6,  the bandwidth of the more highly 
reduced rutile atm) is broader than 
the bands of the less-reduced crystals. This 
was interpreted as being due to the random- 
izing effect of oxygen vacancies in the de- 
fec t c r y ~  ta1.33 

So far, we have discussed Raman spec- 
tral changes due to structural disorder in 
crystals. The idea of the SC model is more 
general. Parayanthal and PollakM studied 
semiconductor alloys (Ga,-,AI,As/GaAs and 
G~,4,1no~,3A~/lnP) with Raman scattering. 
They explained the broadening and asym- 
metry of the first-order longitudinal-optic 
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FIGURE 5. The dependence of the peak position (A) of the high-frequency €,,mode vs. l/L,in microcrys- 
talline The solid line is a least-squares fit to the data with the indicated values. The dashed lines 
represent the calculated peak position. 

phonon Raman spectrum using the SC model 
with a Gaussian correlation function. As 
shown in Figure 7, the agreement between 
theory and experimental points is quite good 
over the entire range of rbroadening and 
asymmetry ra/rb(r= r,+ rb). In this case, 
alloying induces alloy potential fluctuations 
and hence the mode correlation becomes 
finite, giving rise to a relaxation of the q = 
0 selection rule.35 

2. DIRS (Disorder Induced Raman 
Scattering) Spectra 

Figure 8 shows Raman spectra of sev- 
eral microcrystalline graphite samples with 
varying crystallite sizes (La).38 While the 
spectra of the samples with small La show 
a DIRS line around 1360 cm-I (D-peak), all 
spectra display the usual first order Raman 
line (G-peak) around 1580 cm-*. Second- 
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FIGURE 6. Raman linewidths for rutile crystals reduced at 1O-a and lo-" atmospheres oxygen pressures.33 
The bands in highly reducing atmospheres are broader due to introduction of O-vacancies. 

order Raman lines3g are also shown in this 
figure. As La decreases, the intensity of the 
D-peak increases and in addition all the 
lines broaden. Nakamura et aLso studied a 
finite size effect for an electron-irradiated 
graphite with a wide variety of crystal size 
using microprobe Raman spectroscopy. The 
results indicated up and down shifts of the 
G-peak with decreasing crystal size. They 
showed that both shifts were explained in 
terms of the phonon dispersion relation and 
the wave vector uncertainty from La (q = 

2dLa)  and concluded that the La corre- 
sponds to the in-plane phonon correlation 
length (Figure 9).25m50 

The Raman spectra of graphite are 
known to be very sensitive to structural 
changes. Even mechanical polishing induces 
a clear change in the spectra. After polish- 
ing a microcrystalline graphite sample, the 
intensity of the D-peak in~reased?~J* 

Intercalation compounds of graphite 
were well characterized using Raman spec- 
troscopy.22.40 The intercalation stage depen- 
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FIGURE 7. The relationship between broadening rand asymmetry r f l ,  as a function of correlation length 
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dence of the Raman-active modes was found 
to correlate with a stage-dependent strain. 

There are other reported DIRS lines in 
graphite by several authors. A phonon line 
at 1620 cm-* (D’-peak) was attributed by 
Lespard et al. to a nonzero phonon in a 
similar manner to the D-peak.I9 On the other 
hand, Nakamizo et a1.26 observed this line in 
oxidized graphite and suggested that it arises 
from CO stretching. Thus, for this line there 
is still room for argument. Recently, low- 

frequency DIRS bands have been reported 
for nanocrystalline glassy (g-) carbon hav- 
ing an in-plane correlation length of 3 nm.27 
Six major bands of DOS were observed at 
a frequency range of 100 to 1200 cm-I after 
annealing of amorphous carbon films at 
6OO0C, suggesting the formation of quite 
small nanocrystallites having La = 1.3 nm 
(Figure lo). 

DIRS spectra also occurs in other crys- 
tals. Let us make a brief description. Car- 
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FIGURE 8. First- and second-order Raman spectrum of several different forms of graphite.38 

bon vacancies in cubic Tic, induced a first- 
order Raman ~pectrum?~ in the three inde- 
pendent components that were studied for x 
= 0.97, 0.90, and 0.80. In these non-sto- 
ichiometric titanium carbides, the spectra 
were not characteristic of isolated vacan- 
cies. The probabilities for clustering of va- 
cancies were discussed, and the vacancy 
clusters may have been of finite size for 
Tic , ,  and Tic,,,. In rutile, a broad band at 
235 cm-I was considered to be disorder- 

In AS+-, Si+-, or Sn+-implanted 
GaAs crystals, three broad bands around 
80, 175, and 250 cm-I were reported to be 
DIRS peaks6J5.s4 (the effects of ion-implan- 

tation will be discussed in detail in the fol- 
lowing sections). For pc - silicon, a relax- 
ation of the selection rules allowed strong 
scattering around 630 cm-I from (TO + TA) 
combinations. This line could be a second- 
order DIRS line.36.37 

B. Ion-Implantation Effects 

Ion implantation provides a physical 
mechanism for the introduction of foreign 
species into host materials. Simultaneously 
the kinetic energy introduces lattice disor- 
der and radiation damage that affects vari- 
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FIGURE 9. Raman shift of E,, mode peak vs. 2dLa in graphite with a wide variety of crystal size; open and 
solid points indicate experimental values. The solid line shows the result of calculation with the phonon 
dispersion relation. (See Ref. 50 and references therein.) 

ous physical properties of the host material. 
Therefore, the lattice damage must be 
probed. 

1. Damage Profile and Optical 
Penetration 

The implanted crystals exhibit dam- 
age profiles depending on the ion energy, 
ion mass, and substrate material. Detect- 
able Raman scattering intensity depends 
on the optical penetration depth because 

the incident and scattered light are ab- 
sorbed by the substrate material. In Fig- 
ure 11, examples of damage profiles for 
Si+ ion bombardment into silicon are 
shown. This figure includes the profiles 
for 200 keV and 1.5 MeV Si+ ion implan- 
tation calculated*4 using TR1M-~ode,~* to 
demonstrate a difference in the profile 
caused by the large difference in energy. 
The optical penetration dopt in virgin sili- 
con is approximately 500 nm for 488-nm 
incident laser. The depth distribution of 
damage for the 200 keV Si+ implantation 
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FIGURE 10. Comparison of the low-frequency DOS of g-C with Raman spectra of g C  and initially a-C films 
annealed to 100, 600, and 700°C.27 Vertical lines denote selected peak positions. 

is within the probing depth, and the Raman 
technique covers all the damaged region 
for keV ion implantation, although the 
damage distribution is highly non-uniform. 
On the other hand, for 1.5 MeV, the dam- 
age is reasonably flat within the optical 

penetration depth of the laser to detect a 
unique level of damage, although Raman 
techniques monitor only a portion of the 
damage within dopt. 

The optical penetration depth do,, is 
dependent on the material, incident light 
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FIGURE 12. The depth profile of the vacancy distribution for 5-keV He+ ion irradiation on GaAs obtained from 
TRIM calculation. The solid arrows indicate the optical penetration depths of the 514.5, 488.0-, and 472.7- 
nm lights in crystalline GaAs (c-GaAs), and the broken arrow indicates that of the 514.5-nm light in amorphous 
GaAs (a-t-GaA~).~~ 
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wavelength, and incident angle. This ef- 
fect is delicate for keV order ion bombard- 
ment because the penetration depth is com- 
parable with the depth of damage profile. 
In Figure 12 the damage profile for 5-keV 
He+ ion bombardment and the optical pen- 
etration depth for G ~ A S ~ ~  are shown. dopt 
for 488-nm wavelength light in crystalline 
GaAs is 80 nm and comparable with the 
damage profile for 5 keV He+ ion bom- 
bardment. dopt is smaller for shorter wave- 
lengths of light. Further, it also depends on 
the degree of disorder. For wavelengths of 
about 500 nm (this is a usual wavelength 
of the incident laser), dopc decreased as the 
structure became disordered due to ion 
bombardment;@'-63 as an extreme case dopt 
of amorphous GaAs reduced to about 1/5 
of the single crystaL6* 

2. Semiconductors 

Ion implantation in semiconductors is a 
process of considerable technological im- 
portance as well as a method of producing 
controlled damage for studying the nature 
of these solids. Raman spectroscopy is an 
extremely useful tool for obtaining infor- 
mation about the state of materials, as it 
depends on lattice excitations and is there- 
fore an important complement to spec- 
troscopies depending on electronic state. A 
lot of Raman studies on lattice disorder in 
ion-implanted or etched semiconductors 
have been reported.6J6165*-s6 In this section 
we discuss in detail the phonon correlation 
length, spectral asymmetry, Raman scatter- 
ing depth profile, and other related proper- 
ties that have been obtained from Raman 
scattering from ion-implanted semiconductors. 

a. /on implantation and the SC Model 

First we discuss applications of the SC 
model to Raman spectral shape changes in 

ion-implanted semiconductors. Tiong et aI.l5 
showed for the first time that phonon line 
shapes (broadening and asymmetry) and 
position changes resulting from ion implan- 
tation in semiconductors could be explained 
in terms of the SC. They investigated Raman 
scattering from (100) GaAs samples im- 
planted with 270-keV As+ ions with various 
doses up to 3.2 x 10'4/cm2. In Figure 13, the 
longitudinal-optic (LO) phonon for both 
unimplanted and 2.4 x 1013/cm2 implanted 
samples is shown. The full width at half- 
maximum (FWHM), r = (r, + rb), is indi- 
cated on both spectra, where r , is  the left 
half width and rb the right half width. The 
LO phonon line for the implanted sample 
has (a) shifted to lower frequencies and (b) 
broadened asymmetrically (r, > rb), follow- 
ing the phonon dispersion relation as was 
discussed in Section 1II.A. The frequency 
shift and broadening of the LO phonon line 
was analyzed based on the SC model. r, 
was 3.0 cm-l, and for the dispersion o(q) 
they used an analytic model relationship 
o(q) = 269.5 cm-1 + 22.5 cm-I, which closely 
reproduced the actual dispersion relation of 
GaAs along Figure 14 shows the 
shift AwLOand Tof the LO line as a function 
of L as evaluated from Eq. 14 (solid line). 
From Eq. 14 we are also able to evaluate the 
asymmetry r,/rb in relation to A a L O  for 
various L .  This is represented by the solid 
line in Figure 15 together with the experi- 
mental values. The agreement in both cases 
is quite good. Thus, they claimed that from 
the SC model, Eq. 14, i t  is possible to relate 
the shift, broadening, and asymmetry of the 
LO phonon for a given dose to an average 
(undamaged) particle size. 

Next we show another example of 
Raman scattering in an ion-implanted semi- 
conductor with an ion energy of MeV or- 
der, where the implanted sample has a nearly 
uniform distribution of defects within the 
optical penetration depth (Figure 11). Fig- 
ure 16 shows phonon Raman spectra of 1.5 
MeV Si+ ion-implanted silicon with doses 
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FIGURE 13. LO phonon Raman spectra of GaAs (100) before implantation and implanted up to a dose of 
2.4 x 1013 As/cm2 for 270 keV As+ implantati~n.'~ 

ranging from 1 x 10" up to 1 x 1015Si/cm2. 
The Raman lines start to broaden asym- 
metrically for doses above 1 x lOI3 Si/cm2. 
The solid lines are fitted curves to the ex- 
perimental values using the SC model modi- 
fied by introducing a term attributable to 
residual stress. In Figure 17 the asymmetry 
rarb as a function of the ion dose is plotted. 
r,,rb increases with increasing the ion dose, 
and the model quite well reproduced the 
experimental curve.14 

b. Optical Absorption by Defects 

The spectral effects produced by very 
low-energy bombardment are very differ- 

ent from those by high-energy ion implan- 
tation. Raman spectroscopy on GaAs sur- 
faces bombarded with 3.89 keV Ar+ ions 
showed no line shift and broadening of LO 
Raman line for a dose of 1 x loi7 Ar/cm2.64 
This is because the full damage layer is very 
small compared with dopt, and the Raman 
technique probes even undamaged layer 
structures. Thus the Raman intensity of the 
LO line was only about 1/5 that of crystal- 
line (c )  -GaAs. The optical absorption coef- 
ficient in the damaged layer near the sur- 
face increased, due to the high density of 
point defects. In other words, dopt decreased, 
resulting in a decrease in the Raman inten- 
sity62@ (Section IV.B.l). This also provides 
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information on the defect density near the 
surface, as described later. 

c. Raman Scattering Depth Profile 

Implanted samples exhibit a damage 
distribution in the implanted area (Section 
IV.B.l). It is of interest to use Raman scat- 
tering depth profile analysis to reveal the 
structural damage dependence on depth. The 
combination of Raman scattering with 
chernical-etch removal of near surface lay- 
ers makes it p ~ s s i b l e . ~ J ~ . ~ *  Figure 18 shows 
Raman spectra for a c-GaAs sample im- 
planted with 1 x lOI4  Si/cm2 at 1 MeV, taken 
by Braunstein et a1.16 at the original surface 
of the sample and after etching 400, 900, 
and 1400 nm. The chemical etching for the 

depth profiling was performed using a solu- 
tion 50:3:3:CH30H:H3P0,:H202. The LO 
phonon seen around 290 cm-I shifts to lower 
frequencies, broadens, and decreases in in- 
tensity with increasing depth, from the sur- 
face down to 900 nm. However, after 1400 
nm were removed, the LO line becomes 
narrow again and returns almost to the fre- 
quency shift corresponding to unimplanted 
GaAs. The intensity of the transverse optic 
(TO) mode around 260 cm-' showed a little 
different behavior: the intensity increased 
with increasing depth from the surface down 
to 900 nm. The frequency shift of the LO 
mode as a function of depth for a GaAs 
sample implanted with 1 MeV Si' ions is 
shown in Figure 19. In the same figure the 
nuclear energy loss of the implanted ions is 
drawn. The energy loss, which results in the 
creation of lattice disorder, was calculated 
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FIGURE 15. Relationship between the LO Raman shift Ao,and asymmetry, rJrbas a function of L as 
determined from Eq. 14 (solid line). Also shown are experimental values for Aq,,and rJr,for various doses.15 

by TRIM code. It is evident that the LO 
shift follows well the nuclear energy loss 
curve. This observation has two implica- 
tions: first, the shifts in the LO frequency 
provide a good gauge of the lattice disor- 
dering, and, second, the depth profile of the 
lattice disorder monitored by the Raman 
technique is closely related the nuclear en- 
ergy loss. 

The depth profile of L was obtained for 
an ion implanted GaAs. Figure 20 shows a 
comparison of experimental and theoretical 
damage profiles for GaAs implanted with 
45 keV Be+ at a dose of 5 x lOI4 Be/cm2.s2 
Data points symbolized by solid circles are 
1/L. L was obtained from the line widths 
and frequency shifts of the LO mode based 

on the SC model. For comparison with ex- 
perimental results, Figure 20 also includes 
two widely used theoretical estimates of 
damage profiles: (Lindhard-Scharff- 
S ~ h i o t t ) ~ ~  LSS and TRIM. The broad maxi- 
mum in the TRIM calculation agrees fairly 
well with the extent of the high-damage 
(short L) plateau of the experimental curve. 
To restate, the idea of phonon confinement 
well explains the observed Raman line shape 
changes during depth profile analysis of 
lattice disorder produced by ion implanta- 
tion to semiconductors. 

The depth profiles could also be ob- 
tained by using incident laser lights with 
different wavelengths. The Raman scatter- 
ing depth profile obtained by this method 
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FIGURE 16. Raman spectra of 1.5 MeV Si+ implanted silicon with doses ranging from 1 x 1011 Si+/crn* to 1 x 
10'5 Si+/cm2. Circles: experimental spectra: solid line: the modified SC model fit to the data.14 

revealed a weaker long-range disordering in 
the surface area (=20 nm) followed by a 
stronger long-range disordering in an amor- 
phous Si produced by self-ion implantati~n.~~ 

d. Resonant Raman Scattering and 
the LO Phonon-Plasmon Coupling 

Resonant Raman scattering can be a 
sensitive probe of defects in ion-implanted 

semiconductors. Holtz et al.53 observed a 
strong feature near 47 cm-I (A) in the first- 
order Raman spectrum of c-GaAs implanted 
with 45-keV Be+ ions as shown Figure 2 1. 
As the implant dose increases, the LO line 
(292 cm-') shifts downward or decreases, 
broadens, and the amorphous (a)-GaAs 
three-band continuum increases in inten- 
sity. Simultaneously, line A increases in in- 
tensity with dose. There was a clear photon 
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energy dependence of the A line intensity 
with a peak around 1.7 eV (730 nm) (Figure 
22). This result was interpreted as strong 
evidence of a resonance at an energy mid- 
way between the E, and E,+& interband 
electronic transitions. They further measured 
the hydrostatic-pressure dependence on the 
Raman spectra in the implantation disor- 
dered GaAs and found that the A mode 
shifts weakly (-0.07 k 0.15 cm-'/GPa), while 
the LO mode shifts strongly (3.6 k 0.1 cm-'/ 
GPa). Then they identified the resonant vi- 
bration (A)  of this band as stemming from 
the breathing mode of the Ga vacanciesM It 
was reported that resonant two-LO phonon 
scattering is also very sensitive to either ion 
implantation-induced disorder or the in- 
crease in lattice perfection by thermal an- 
nealir~g.~' 

For heavily doped n-GaAs (2 x 10'9 
cm3), Wang et al. found that Raman scat- 
tering of coupled LO phonon-plasmon 

modes proves to be a very sensitive tool 
for assessment of dry-etch-induced dam- 
age.67 The etch-induced damage can be both 
structural and electronic. The electronic 
damage acts as electronic traps that can 
reduce or deplete the free carriers in the 
materials and can be assessed by analyzing 
the relative intensity changes with respect 
to unscreened LO phonons in the surface 
depletion layer. They demonstrated that 
electron cyclotron resonance radio fre- 
quency reactive ion etching (ECR-RIE) 
produced little damage compared with con- 
ventional RIE or ion beam etching and is 
an attractive technique for semiconductor 
nanostructures. 

3. Graphite and Related Materials 

Raman spectroscopy is a sensitive 
tool for monitoring ion irradiation processes 
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FIGURE 18. First-order Raman spectra of GaAs implanted with 1-MeV Si+ ions to a dose of 1 x 10'' cm-2 
taken on the original surface of the sample and after etching away. 0.4, 0.9, and 1.4 pm, respectively.Ia 

in graphite, as ion implantation usually 
takes place within the optical penetration 
depth and Raman scattering in graphite is 
very sensitive to the lattice disorder 
(Section 1II.B). There are a large number of 
papers on Raman scattering from carbon 
materials irradiated with energetic ions. 
These papers are characterizing microscopic 
structural properties, in connection with the 
studies of ion implantati0n,6~.~~ intercala- 
tion graphite compounds,2* and plasma sur- 
face interactions of first wall in fusion de- 
v i c e ~ . ~ ~ - ~ '  

As an implanted ion (typically an order 
of keV energy) slows down and comes to 

rest, it makes many violent collisions with 
lattice atoms, displacing them from their 
lattice sites. Some of these displaced atoms 
have enough kinetic energy to displace oth- 
ers, giving rise to a cascade process. The net 
result is the production of a highly disor- 
dered region around the path of the ion with 
the dominant disorder occurring near the 
end of the ion trajectories, as shown Figure 
23a.7O At sufficiently higher doses, the indi- 
vidual disordered regions begin to overlap 
(Figure 23b) until finally a noncrystalline 
or amorphous layer is formed (Figure 23c). 
Such a mechanism is well known for Si and 
Ge.70 
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a. Ion Dose and Mass Dependence 

Since the first measurements by Smith 
et on graphite irradiated with Ar+ ions, 
ion-irradiated graphite has been studied 
extensively using Raman scattering. Elman 
et a1.69~70~y~tematically studied Raman scat- 
tering from graphite (highly oriented pyro- 
lytic graphite: HOPG) implanted with ion 
doses in the range 1 x lOI4 - 2.5 x 10l6 ions/ 
cm2 with various ions and energies in the 
range 40 to 200 keV. We can say that the 
technical information obtained there under- 
lay the Raman spectroscopic studies on the 
ion irradiation-induced defect structure in 
graphite. Let me explain their results. Fig- 
ure 24 shows Raman spectra of HOPG 

graphite irradiated with 100 keV B+ ions at 
various doses. The Raman spectrum of the 
virgin HOPG has only a sharp G-peak at 
1580 cm-l (Figure 8). Disorder produced by 
ion bombardment induced the D-peak near 
1360 cm-l. This figure shows a gradual in- 
crease in the relative intensity ratio (R) of 
the D-peak and linewidths of both lines as 
the dose increased from 1 x lOI4 to 1 x 1015 
ions/cm*, indicating an increase in the de- 
gree of disorder. As the dose is further in- 
creased to 5 x 1015 ions/cm2, a dramatic 
change in line shape occurred. The dose 
dependent linewidth of the D-peak shown 
in Figure 25 indicates that an abrupt trans- 
formation to an amorphous layer occurs at 
a critical dose. 
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FIGURE 20. Experimental results for the structural depth profile of ion-implanted GaAs (45-keV Be+, 5 x 10"- 
cm4 case). Solid circles denote reciprocal crystallite sizes L obtained from the LO line-shape data. The two 
curves are theoretical calculations included for comparison.52 

The Raman spectra of ion-implanted 
graphite also depends on the atomic mass of 
the implanted species.69 In Figure 26 the 
FWHM of the D-peak vs. the ionic mass for 
different doses at 100 keV are shown. The 
figure shows the onset of a rapid increase in 
the linewidth of the D-peak for ion mass 
m > 27 (i.e., A1 ions) and a dose of 1 x lOI4 
ions/cm2. Elman et al. explained the onset 
of the rapid increase by comparing the val- 

ues of do,, and (P - AP - Ps), where P is the 
projected range of the ion, AP the ion strag- 
gling, and P, the length of highly damaged 
graphite region.70 The onset of the rapid 
increase corresponded to satisfying the con- 
dition dopl = P - AP - P,. For lower doses 
(then small P,) and very light ions, the highly 
damaged region could not be probed by the 
Raman scattering, because ( P  - AP - P,) in 
general larger than do,,. Therefore, the 
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FIGURE 21. Unpolarized, room-temperature Raman spectra for (1 00)-oriented GaAs crystals and for 
crystals implanted with 45-keV Be* ions to various doses, measured in ion/cm2. Excitation was with a red 
lights3 

observed line is narrow. When the ions are 
heavy, the damaged region could be probed 
because (P - AP) is small, resulting in the 
wide Raman line. The onset occurs for lower 
ion masses as the ion dose increases, be- 
cause P,  becomes large in this case. Thus, it 

is possible to estimate the length of the 
highly damaged region (P,) from the onset 
of the rapid increase in the linewidth, as dopr 
and ( P  - AP) are known.70 

A similar ion mass dependence was 
observed on R (Eq. 15) as shown in Fig- 
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ure 27. R starts to saturate above a certain 
ionic mass, depending on the ion dose, with 
maximum value of approximately 1.6, which 
corresponds to L, = 2.5 nm. They further 
confirmed that the D'-peak near 1620 cm-I 
is another type of DIRS induced by ion 
irradiation (Section IV.A.2). 

Recently, Niwase and Tanabe performed 
a series of studies on the defect structure 
and amorphization of graphite irradiated by 
light ions (proton, helium ions, e t ~ . ) . ~ * * ~ ~ J ,  
They summarized the disordered structures 
by mapping with the line width of the G-peak 
and R. Figure 28 is the schematic drawing 
of the change in the linwidth and R (I,,,,/ 
I,,,, in their notation) on irradiation, which 
was obtained based on an accumulation of 

experimental data with Raman and high- 
resolution transmission electron microscopy 
(HRTEM).72.74 The picture shows the do- 
mains of the formation of in-plane defects 
in the first stage (small FWHM and R), 
turbulence and disordering of the basal plane 
in the middle stage (large FWHM and small 
R), and the amorphization in the final (large 
FWHM and R). They suggested the first 
stage structure may correspond to the TEM- 
lattice image in Figure 29c, and the middle 
stage structure to that in Figure 29d.74 

Raman scattering on severe lattice dis- 
ordering of graphite was also reported for 
neutron i r rad ia t i~n ,~~ plasma irradiati~n,~' 
and electron beam i r r ad ia t i~n~~*~*  along the 
same line as discussed here. 
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FIGURE 23. Schematic view of the disordered region in graphite caused by implantation at (a) low, (b) 
intermediate, and (c) high fluence (dose).” 

b. SERS and Damage of Outmost 
Surface 

Observation of disorder on the outer- 
most surface is possible with surface-en- 
hanced Raman scattering (SERS). SERS 
measurements were performed on Ag- 
overlayered surfaces of carbon materials 
such as graphite, glassy carbon, diamond 
and carbon  fiber^.^'^^^ Figure 30 shows the 
Raman spectra from a surface of HOPG 
that was irradiated with 3-keV deuterium 
ions to a dose of 5 x lOI3 ions/cm2 after the 
Ag deposition. The spectrum from the 
unirradiated region is a sharp singlet (Fig- 
ure 30a), which is essentially identical to 
virgin HOPG. On the other hand, the spec- 
trum (Figure 30b) from the ion-irradiated 
region is markedly different from that with- 
out the Ag-overlayer. It is evident that sur- 
face roughness induced by ion irradiation 
yields measurable SERS of the outmost 
surface. The FWHM of the G and D peaks 
of the SERS spectrum (Figure 30b) was 
=240 to =360 cm-I. Both G- and D-peaks 
are extremely broad and poorly resolved. A 
similar broad doublet feature was observed 
for high flux ion irradiation of deposited 
carbon films (Figure 24). The spectrum 

corresponds to highly disordered carbon 
materials. The La was calculated from R to 
be =3.6 nm using Eq. 15. The value was 
about 1/3 of that from Raman scattering 
from an HOPG sample without the Ag 
overlayer. Because dopr for 5 14.15 nm light 
used in this experiment is about 50 nm and 
the depth of the damage distribution is about 
15 nm, the Raman without the Ag-layer is 
made up by the superposition of the scatter- 
ing from both damaged and undamaged 
regions. La estimated from the Raman with- 
out the Ag-layer is then an average for both 
regions. It was proven with SERS that the 
outmost surface is highly damaged by ion 
irradiation. Recently, Raman scattering from 
microcluster silicon was detected by a kind 
of SERS mechanism.1s4 

It is hard to observe the ion-implanta- 
tion-induced disorder in diamond because it  
has a quite large dopt (transparent). Ion im- 
plantation of diamond led to a formation of 
a graphite phase in the diamond matrix by 
a destruction of sp3 bond to sp2, and finally 
the diamond exhibited quite similar features 
to amorphous carbon Compared 
with graphite and diamond, to our knowl- 
edge, the Raman scattering on ion-irradi- 
ated fullerenes has not been studied. 

303 



ANNEALED ”B UNANNEALED 

FIGURE 24. Raman spectra for various doses (1 x lo1* to 2.5 x 1 Ole ions/cm2) of 100 keV W+ ions implanted 
into six HOPG samples. The spectra on the left (a) are for the unannealed samples, and on the right (b) are 
for the same samples annealed at 950°C for 0.5 h.69 The abscissa is linear in wave number and the points 
are experimental. 

4. Defects-Induced Stress That contributes typically to frequency shifts 
of phonon Raman line, while its relation 
with line broadening is experimentally not 
clear? Huang et al.14 discussed the strains 

Defects typically strain the lattice. The 
lattice strain causes changes in Raman lines. 
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FIGURE 25. Graph of the 1360-cm-I (D-peak) linewidth (FWHM) vs log,,, $ for1’ B+ ion-implanted HOPG, 
where $is the boron dose. Results are presented for unannealed samples and for the same samples annealed 
at 700°C and 950”C.69 

(and the corresponding stress) in the 1.5 
MeV Si+ ion-implanted silicon. They took 
this effect into account by introducing a 
parameter ostnin, which represents the strain- 
induced line shifts, and replacing the term 
[a-o(q)] with [o-oStmi,-o(q)] in theSC 
model (Eq. 14). In other words, in their 
model a deviation of the phonon line fre- 
quency from the dispersion relation was 
referred to the strains. The shifts in the op- 
tical phonon Raman frequency of single 
crystals of silicon were, experimentally, 
known as a linear function of hydrostatic 
pressure, and then the magnitude of stress 
due to the strains was estimated from ostmin. 
The stress was always compressive in an 
ion dose range of 0 to 1 x 1015 Si+/cm2. The 
most likely source of the stress was specu- 

lated to be due to the nuclear energy depos- 
ited by the ion beam near surface layer. 
Probably the compressive stress is caused 
by an agglomeration of point defects that 
would lead to a local volume expansion. 
The stress increased monotonically with ion 
dose. However, it decreased following reach- 
ing a maximum at a dose of 1 x lOI4 Si+/ 
cm2. This suggested the stress relaxation 
through near-surface amorphization at 
higher doses.I4 

Kitajima and Nakarn~ra*~O obtained a 
local stress in carbon materials irradiated 
by a high-density electron beam from a 
microscopic Raman measurements. The lo- 
cal stress was evaluated from the frequency 
shift of the G-peak by considering the 
microcrystallite size effect on the phonon 
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FIGURE 26. Plot of the linewidth (FWHM) of the D-peak at -1360 cm-' vs. ionic mass for HOPG implanted 
with 100-keV ions at different 

dispersion. The magnitude of the stress was 
also calibrated from the hydrostatic pres- 
sure dependence of the line shift.40 Graphite 
was compressively stressed by electron ir- 
radiation. On the other hand, C/C compos- 
ite exhibited little stress. This suggests a 
relaxation of the compressive stress by the 
existence of carbon fibers in the C/C com- 
posite. 

Concerning the defects-induced stress, 
mechanical polishing is known to induce 
surface s t r a in .6~~~~  Polished surfaces of (100)- 
GaAs and InP by alumina powders exhib- 
ited upshifts (by 9 to 13 cm-l) of the LO 
optic phonon lines, which correspond to the 
compressive surface strains of about 4% for 
GaAs and 5% for InP.149 

The influences of lattice strains on vi- 
brational spectra have not been well studied 
(although this is a personal feeling). Sys- 
tematic Raman (and also infrared) investi- 
gations, which would be combined with 
theoretical calculations on bonding stress 
based on, for example, ab initio molecular 
orbital theory or density functional theory, 
are of great interest for the quantitative un- 
derstanding. 

V. KINETIC STUDY ON LAlTlCE 
DISORDERING 

In the following two sections, we dis- 
cuss kinetic studies on disordering and its 
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Ionic mass 

FIGURE 27. Ratio of intensities of the D-peak at -1360 cm-I to the G-peak at-1580 cm-’ line (R) vs. ionic 
mass for implantation at 100 keV for two doses.M 

relaxation in ion-irradiated crystals. De- 
spite a large number of Raman studies on 
crystals irradiated with energetic ions for 
characterizing microscopic structural prop- 
erties (Section IV), the lattice disordering 
kinetics in the. early stage of irradiation 
was not well understood. To study rapid 
phenomena in the early stage irradiation 
on a time scale of seconds, real-time mea- 
surements are required; however, ion irra- 
diation and Raman measurements had been 
performed separately, until the experimen- 
tal system of the real-time Raman mea- 
surements were developed by the author 
and the c o - w o r k e r ~ . ~ ~ ~ ~  In this section we 
first explain the kinetic studies on lattice 
disorder induced by ion irradiation in graph- 
ite and semiconductors, using the real-time 
system. Attention is focused on the initial 
change in the Raman spectrum caused by 
ion irradiation. 

A. Experimental Setup 

Figure 31 shows a schematic drawing 
of the experimental setup for the real-time 
Raman measurements during ion irradia- 

The ion irradiation was performed 
in an ultrahigh vacuum chamber (base pres- 
sure < Pa). The incident angle of the 
ion beam was 55 degrees normal to the c 
face. Incident radiation of 514.5 nm was 
provided using a cw Argon-ion laser. The 
scattered radiation was collected through 
the sapphire window of the chamber in back- 
scattering configuration, analyzed by a 
double-grating monochromater, and de- 
tected by a spectrometric multichannel ana- 
lyzer. The minimum exposure time of the 
detector was 33 ms, and the exposure time 
used for the experiment was 180 times the 
minimum exposure time (about 6 s) to get 
intense  signal^.^^^^^ Because of the existence 
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FIGURE 28. Schematic drawing of the change in peak width of -1 580 cm-' and intensity ratio of I,,,JI,,,, (17) 
on irradiation. Schematic pictures of graphite layers considered from the Raman and HRTEM results are 
shown in the figure. The solid line, long- broken and short-broken lines can, respectively, be assigned to the 
formation of in-plane defects in the first stage, the turbulence and disordering of the basal plane in the middle 
stage, and the amorphization in the final 

of the DIRS peak, the Raman scattering in 
graphite is much more sensitive to lattice 
disorder than those in semiconductors. The 
real-time Raman measurements were first 
applied to the disordering of graphite. 

B. Graphite 

1. Real-Time Observation of Raman 
Spectra during Ion Irradiation 

Cascade process caused by ion inadia- 
tion produces a disorder region around an 

ion trajectory. In crystalline graphite, the 
Raman spectrum exhibits a double-peaked 
spectrum. The relative intensity between two 
peaks varies as a degree of disorder (Sec- 
tions II1.B. IV.A.2, and N.B.3). At a suffi- 
ciently high dosage, an amorphous layer is 
formed and the Raman spectrum exhibits a 
broad asymmetric line at around 1500 cm-*. 
As studies6~72*74 of Raman scattering from 
ion-implanted graphite have shown, the rapid 
reduction in crystallite size was supposed in 
the early stage and the abrupt transforma- 
tion to an amorphous structure occurred 
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FIGURE 29. Lattice images and diffraction patterns in high-resolution TEM for carbon fibers (a) unirradiated 
and irradiated with (b) 3.6 x 1Ol8 m2, (c) 1.4 x loz3 m2, and (d) 1.9 x m2.74 

under ion irradiation (Section IV.B.3). 
Therefore, i t  is of importance to perform 
real-time Raman measurements of graphite 
during ion i r r ad ia t i~n .~~  

Figure 32 shows the first observation of 
real-time change of first-order Raman spec- 
trum of HOPG before and during 3 keV A P  
ion irradiation at room temperature. Only a 
sigle crystal peak was observed at -1580 
cm-I (G) before irradiation (Figure 32a). 
Ion irradiation induced a peak at -1360 cm- 
I (D) as shown in Figures 32b thru e, which 
were measured during ion irradiation at 18, 
48, 78, and 108 s after the beginning of 
irradiation at a flux of 2.5 x 10" Ar/cm2 
s.7931 The peak height of the D-peak in- 
creased and that of the G peak decreased 
with an increase in the irradiation time. The 
line width of both D and G peaks, on the 

other hand, increased with irradiation (Fig- 
ure 33). A drastic change in width and in- 
tensity and a broad asymmetric Raman line 
centered at about 1500 cm-I, characteristic 
of the amorphous regime, were not observed. 
The peak intensity ratio R is plotted as a 
function of irradiation time in Figure 34. We 
see an abrupt increase in R after the irradia- 
tion start. The increase in the D-peak was 
slower for ion irradiation at lower flux (3.3 x 
1O1O Ar/cm2 s) than that for irradiation at a 
flux of 2.5 x 10" Ar/cm2 s (Figure 35a). 

The optical skin depth of 5 14.5 nm light 
in graphite is usually larger than an ion 
trajectory of ion irradiation with ion energy 
of keV order. For example, the ion ranges 
of 3 keV He+ and 3 keV Ar' in graphite are 
19 nm and 3 nm.80 The optical penetration 
depth of 514.5 nm is about 40 nm. There- 
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FIGURE 30. Raman spectra of HOPG after 480 s deuteron irradiation after evaporation of an Ag film: (a) 
unirradiated region, and (b) irradiated region with 3 keV deuter~n.'~ 

fore, the observed Raman spectrum is made 
up of the superposition of scattering from 
both damaged and non-damaged layers. It 
is then important to estimate contributions 
from damaged layers to study the actual ion 
irradiation effects. Damaged profiles due to 
ion irradiation are not uniform (Figures 11 
and 12) and can be well approximated by a 
Gaussian function. The relation between the 
mean value of the peak intensity ratio of the 
D-peak with respect to the G-peak in the 
damaged region, R,, and the observed in- 
tensity ratio, Robs, is given bya1 

where P is the whole range of energy depo- 
sition, rn is the optical parameter (0.9 for 
carbon material), h is the wave length of 
exciting light, x is the depth, and F ( x )  is the 
normalized depth profile of the damaged 
layer. Robsis corrected to the mean actual 
relative peak intensity ratio R,. Comparing 
Robs (Figure 34) and R, (Figure 35), the cal- 
culated peak intensity ratio of the damaged 
area is much larger than the experimentally 
observed one. 

Figure 36 is the time dependence of 
R, for irradiation of 3 keV He+. R, is 
proportional to the square root of the irra- 
diation for a short time of irra- 
diation. Similar behavior was observed 
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FIGURE 32. Raman spectra of highly oriented pyrolytic 
graphite (HOPG) (a) before ion irradiation and obtained dur- 
ing the irradiation after (b) 18, (c) 48, (d) 78, and (e) 108 s from 
the beginning of the irradiation of 3-keV AP at a flux of 3 x 10” 
ionskm2 s. Solid curves are the computer simulation results. 
The peak at -1 580 cm-l (G) is a Raman active EZ0 mode peak 
and the peak at -1 360 cm-l (a) is a disorder-induced peak.73.81 
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FIGURE 33. Time dependence of the linewidth of HOPG for the irradiation of 3-keV At+ at a flux of 3 x 1011 
ions/cm2 s, the disorder-induced line (D-peak, circle) and the Raman active line (G-peak, solid circle).al 

for irradiation with AT+, Ne+,30.88 and hy- 
drogen ions.42 

2. Interdefect Distance (IDD) Model: 
Phonon Confinement Due To 
Single Vacancies in the Graphite 
Plane and Disordering Rate 

The ion doses used in the real-time 
Raman measurements mentioned above 
wcrc on the order of lof3 ions/cm2 at most. 
flcrc we discuss a model of disordering 
wlicrc thc hiisid plane structure is main- 

tained and only very local defects exist in 
the plane, that is, to be a structure like a 
model (a) of Figure 23 or a lattice image 
between (a) and (b) in Figure 29. In general, 
the mean number of defects per layer (N,) 
induced by ion irradiation is given by 

N, = NJirvcpt (17) 

where N is the density of the target (1.25 x 
atoms/cm3), CT is the displacement cross 

section, cp is the incident ion flux, v is the 
mean number of displaced atoms in the 
cascade per primary knock-on, f is the dis- 
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FIGURE 34. Time dependence of the relative intensity ratio (R) of the D-peak with respect to the G-peak of 
HOPG for the irradiation of 3-keV Arc at a flux of 3 x 10” ions/cm2 s.7931 

tance between graphite layers (0.335 nm), 
and t is the irradiation time. The mean dis- 
tance ( t d )  between in-plane defects can be 
given by 

Assuming that t d  corresponds to the in- 
plane phonon correlation length La because 
the defects should cut or change the interac- 
tion between lattice atoms, the mean rela- 
tive intensity ratio of the Raman peaks within 
the ion penetration depth is expressed using 
Eq. 15 as 

Eq. 19 explains the square root dependence 
of the irradiation time to R, which was ob- 
served by the real-time measurements (Fig- 
ure 36). The displacement cross-section CT 

and the total displaced atoms v can be cal- 
culated by the Sigmund theorya5 and a sim- 
plified model of the Kinchin-Pease theory,a6 
respectively, a is the disordering rate con- 
stant and a quantity that depends on inci- 
dent ion energy and ion mass through Q and 
v.  An experimental value sobs of the disor- 
dering rate constant is also estimated from 
the gradient of R, to ion dose. 

The relative intensity (R)  by calculated 
Eq. 19 is shown in Figure 35 and agrees 
well with experimental data for both Ar+ 
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FIGURE 35. Time dependence of the actual relative intensity Ro of HOPG for (a) 3-keV At-‘ at a flux of 2.5 x 
10” ions/cm2 s (solid circle) and 3.3 x 1 0lo ions/cm2 s (circle), and (b) 3-keV He+ at a flux of 2.0 x 1011 ions/ 
cm2 s (solid triangle). Solid curves are the results of calculation with the IDD model.mn*l 

and He+ irradiation. It is evident that the 
theory explains the ion flux effect on the 
time dependence (Figure 35a). We can 
speculate on the deviation from theory at 
longer times. Creation of the defect clusters 
was suggested to be one of the reasons for 
the deviation between calculation and ex- 
periments. If defects aggregate and create 
clusters, the effective distance between de- 
fects or clusters should increase.81 

The effect of ion energy on the dis- 
ordering rate is not large for ion energies 
in  the keV range, because the (v x 0) 
does not change much when the ion 
energy changes. Actually, the disordering 
rate constant obtained experimentally 
under He+ irradiation was almost the 
same for all ion energies of (0.5 to 
5 keV).*’ 

A systematic study on the effect of inci- 
dent ion mass on the disordering rate e was 
p e r f o ~ m e d . ~ ~ J ~ ~  The observed R for Ne+, W, 
and Xe+ ions was confirmed to also increase 
proportionally to the square root of irradia- 
tion time. Figure 37 shows a comparison of 
a,,, and a&, plotted vs. ion mass. In the low- 
mass region, experimental values of the lat- 
tice disordering rate increases steeply as the 
ion mass increases, slowly reaching a satura- 
tion value in the high-mass region. The cal- 
culation reproduced this tendency and the 
values are consistent with experimental val- 
ues. All parameters used for the calculation 
and experimentally obtained values are listed 
Table 1. It was evident that the ion mass 
effect on the disordering rate is well ex- 
plained by the interdefect distance (IDD) 
model calculation. 
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FIGURE 36. Time dependence of the peak intensity ratio of the D-peak with respect to the G-peak ( R )  of 
HOPG for irradiation of 3-keV He+. Solid line is the least square fitting.= 

The simplified calculation based on the 
IDD model suggests that the in-plane phonon 
correlation length is in agreement with the 
mean distance between defects in the graph- 
ite plane at the lower dose range. This is 
reasonable because defects or vacancies in- 
duced by the ion-irradiation have to termi- 
nate the phonon propagation in the graphite 
plane. 

C. Semiconductors 

1. The IDD Model and 
Three- Dimensional Crystals 

Disorder induces a DIRS peak near 
1360 cm-' (D-peak) in graphite that is 
very sensitive to the disordering. How- 
ever, in semiconductors such a sensitive 
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FIGURE 37. Ion mass number dependence of disordering rate of HOPG: (circle) experimental value, 
calculated (solid circle) value by Eq. 19.30 

TABLE 1 
Calculated Displacement Cross-Section u, Damage Function 
Y, and the Disordering Rate Constant a in Graphite 

Ion u u (10-2' mz) sob, (10-0 mjions'R) aCak (10-0 mlions'") 

He+ 2.32 1.25 1.3 f 0.1 
Ne+ 2.43 4.59 2.6 f 0.3 
Ar+ 2.29 7.12 2.9 f 0.8 
Kr+ 2.05 11.1 3.8 f 0.5 
Xe+ 1.87 14.1 4.1 f 0.6 

1.53 
3.01 
3.64 
4.30 
4.62 

Note: asrp and acalc are experimental values of the disordering rate and 
calculated value by the IDD model, respectively.m 

DIRS peak does not exist. Therefore, we 
obtain the phonon correlation length L 
from the changes in linewidth and fre- 
quency. In this section the time depen- 

dence (ion dose dependence) of L is com- 
pared with that of graphite, and kinetics 
of the damage formation by ion irradia- 
tion is discussed. 
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Figure 38 shows first-order Raman spec- 
tra of the (100) surface of the GaAs crystal 
before and during 5-keV He+ ion irradiation 
measured with Raman excitation of 488.0 
nm. The optical penetration depth is com- 
parable with the projectile range for the ion 
irradiation (see Figure 12). The damaged 
region near surface accounts for the major- 

. ity of the measured Raman spectra. The 
spectra measured with 514.5 nm and 472.7 
nm lights also appeared very similar to Fig- 
ure 38(a). A peak at 292 cm-' is assigned as 
the LO phonon peak, and its line shape was 
used as a criterion of crystallization. Fig- 
ures 38b to d show that the spectral profile 
of the LO phonon is changed with ion irra- 
diation: the peak shifts toward lower fre- 

quency, the width increases asymmetrically, 
and the intensity de~reases.5~ 

The solid lines in Figure 38 represent the 
fitting curve calculated using the SC model 
(Eq. 14) to obtain the optimum Lvalue for 
each spectrum. The L values are plotted in 
Figure 39 as a function of ion dose(=cpt). L 
is very large for the unirradiated crystal and 
decreases as ion dose increases for each 
wavelength of incident light:9.89 

The IDD model was originally proposed 
to explain the disordering kinetics in graph- 
ite as a two-dimensional crystal. In the model 
the in-plane phonon correlation length La is 
assumed to correspond to the mean distance 
between vacancies in a graphite plane, td, 
because the propagation of the Ezg phonon 

I 1 I 1 I 
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FIGURE 38. Typical first-order Raman spectra of the (100) surface of the GaAs crystal with incident light of 
488.0 nm: (a) before irradiation, (b) after 5.6 x l O l 9  m4, (c) after 1.4 x 1020 m4, and (d) after 3.4 x 1020 m4 of 
5-keV He+ irradiation. The solid lines represent the fitting curve calculated after Eq. 20.59 
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FIGURE 39. L of GaAs during 5-keV He+ irradiation as a function of ion fluence (dose) estimated from the 
curve fitting to the Raman spectra measured with incident light of 514.5 nm (circle), 488.0 nm (triangle), and 
472.7 nm (square), respectively. The filled symbols represent the values of L after Eq. 14 for each wavelength. 
The broken lines are the least-squares fitting to the corrected values. The solid line represents k',, calculated 
after Eq. 20.59*89 

is restricted in the plane (Eq. 18). Let us 
redraw Figure 36 with the in-plane phonon 
correlation length La for R. The solid line in 
Figure 40 represents t d  calculated after Eq. 
18. There is good agreement between La 
and t d ,  which directly supports the corre- 
spondence of La to t d  in ion-irradiated graph- 
ite. Here we extend the IDD model to three- 
dimensional crystals such as GaAs. The 
decrease in L with increasing ion dose (Fig- 
ure 39) suggests that the localization of 
phonons occurs in GaAs under ion irradia- 

tion as well as in graphite. Correspondence 
is also expected for GaAs between L and 
the mean distance between defects, t d ,  in 
the damaged region. Because the propaga- 
tion of the LO phonon in GaAs is three 
dimensional, t d  is expressed by 

ed = Ni'13 = (N"(Pt)-'/3 (20) 

The actual slopes of the least-square- 
fitting lines to log(L) vs. log(1on Dose) plot 
(broken lines in Figure 39) were -0.385 k 
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FIGURE 40. La of graphite under 3 keV He+ irradiation, estimated from Eq. 15. La decreases inversely 
proportional to the square root of ion dose (fluenec). The solid line represents t,, calculated after Eq. 18.89 

0.044, -0.369 f 0.015, and -0.322 k 0.045 
for Raman excitation of 514.5 nm, 488.0 
nm, and 472.7 nm, respecti~ely:~.~~ which 
are close to that expected from the IDD 
model, -1/3. The agreement of ion-dose 
dependence of L and tdimplies the h e a r  
correspondence of t d  to L in GaAs, showing 
that the IDD model is applicable, to the three- 
dimensional crystals as well as two dimen- 
sional (Figure 41). In other words, the LO 
phonon becomes localized in a small vol- 
ume surrounded with defects as the ion dose 
increases. 

The phonon localization due to defect 
formation was confirmed also in Ge under 
ion irradiation, as shown in Figure 42. L in 
Ge (obtained using the SC model) is seen to 
decrease monotonically with increasing ion 
dose during 5-keV He+ ion i r radiat i~n.~~ 

The calculated value of t d  for GaAs by 
Eq. (20) is shown in Figure 39 using the 
right-hand axis. It is noted that Lobtained 
from the spectral fitting, which is plotted in 
the same figure using the left-hand axis, is 
larger than t d  by more than one order of 
magnitude. Transmission electron micros- 
copy (TEM) of a 1-MeV Si+-implanted 
GaAs sample revealed no clear correlation 
between L and td.I6 A similar disagreement 
between L and t,, greater than one order of 
magnitude was observed for 1.5 MeV Si+- 
ion implanted GaAsI4 and 5-keV He+-irra- 
diated Ge.91 The discrepancy could be ac- 
counted for by three main factors: first the 
complete termination of the phonon propa- 
gation requires a series of dampening by 
defects in the three-dimensional crystal such 
as G ~ A S , ' ~ ~ ~  second, as point defects form 
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FIGURE 42. Phonon correlation length, L, of the (100) surface of Ge crystal under irradiation of 5 keV He+, 
as a function of ion dose (fluence). The solid curve is a guide for the eye.s1 

aggregates (c l~s te r ing) , '~ ,~~ the concentra- 
tion of such aggregates or clusters is ex- 
pected to be much less than the point defect 
concentration, and third point defects dis- 
appear during ion and laser irradiation at 
room temperature. l6sS9 

2. Reduction in the Raman 
lntensity Due To Defect Formation 

It is possible to discuss the disordering 
kinetics with respect to the reduction in 
Raman intensity. No change in the line width 
and frequency shift is expected to be observed 
under ion irradiation when the projectile ion 
range is much less than the optical penetra- 
tion depth dop,of Raman scattering. For ex- 
ample, dopt of 457.9 nm light is about 500 nm 
for crystalline Si and 100 nm amorphous 
Si,'j1Sx and the projectile ranges are 6.0,7.6, 

and 45 nm for 5 keV W, Ar+, and He+ ion 
irradiation, respectively. In the crystals, the 
observed Raman scattering should be mainly 
from the non-damaged crystalline substrate. 
Actually, little change was observed in the 
Raman line shape of the optical phonon 
peak of Si at 521 cm-I during 5 keV W, 
Ar+, and He+ ion i r rad ia t i~n .~~ Only the in- 
tensities were seen to decrease. The inte- 
grated intensity of the phonon line is plotted 
vs. ion dose in Figure 43(a). The reduction 
rate of the intensity is larger for heavier ion 
irradiation. 

The reduction of the integrated inten- 
sity of the phonon line in Si was interpreted 
as an increase in the absorption coefficient 
near the surface that was damaged by ion 
bombardment. The absorption coefficient is 
about 104 cm-l for crystalline Si, about los 
cm-l for amorphous Si, and in between for 
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FIGURE 43. The normalized intensity of the phonon line of Si under irradiation of 5 keV He+ (solid rectangle), 
A r  (square), and Kr+ (triangle): (a) as a function of ion dose (fluence) and (b) as a function of areal density 
of defects (N,) in the unit of the effective areal density of Si (Nd).93 

the disordered medium for the wave lengths 
applied in the  stud^.^^-^* The incident light 
and the scattered light from non-damaged 
Si crystal are absorbed when they go through 
the damaged region near the ~urface.5~ 

There was an ion mass effect on the 
reduction rate of the phonon line intensity: 
the heavier the ion, the larger the reduction 
rate (Figure 434. On the other hand, lattice 
disorder can be evaluated by the number of 
vacancies. The total number of ion-bom- 
bardment-induced defects, N,, is given by 
the formula N, = oN,v$, where Nd is the 
effective area density of Si, and @is the ion 
dose (= cpt). The phonon line intensity is 
shown as a function of N, in Figure 43(b). 
No significant difference is seen among the 
intensity decay curves for He+, Ar+, and Kr+ 

irradiation. Figure 43 (b) implies that the 
intensity of the phonon line is dominated by 
the number of vacancies within the optical 
penetration depth. To restate, the near sur- 
face optical absorption changes through 
vacancy formation. 

VI. KINETIC STUDY ON THERMAL 
RELAXATION 

Because of the high sensitivity of the 
Raman scattering to structural changes in 
graphite, restoration of the disordering was 
well i n v e ~ t i g a t e d . " ~ . ~ ~ ~ ~ . ~ ~ ~ ~  In this section, 
Raman spectroscopy studies on annealing 
of ion-irradiated graphites are described 
briefly. We then discuss relaxation kinetics 

323 



of the lattice disorder in ion-irradiated graph- 
ite using real-time Raman measurements. 

A. Thermal Annealing and Raman 
Spectra 

Dillon et al. applied Raman spectros- 
copy to the study of crystallite graphite film 

' and investigated annealing effects 
(room temperature up to 950°C) on disor- 
dered carbon films prepared by sputter and 
RF-discharge deposition. Their results were 
given in terms of R. frequency shift, and 
width of Raman lines as a function of an- 
nealing temperature. The R and linewidths 
vs. the anneal temperature indicated that 
substantial structural changes occur over the 
400 to 600°C annealing temperature range. 
The decrease of R data at higher tempera- 
tures indicated a growth in crystallite di- 
mensions. The as-deposited films changed 
structures from C-C bond angle disorder to 
threefold-coordinated crystallites, as the 
annealing proceeded. Shifting of the D- and 
G-peaks were found to be the most sensi- 
tive indications of this tran~formation.4~ 

The lattice damage produced by ion ir- 
radiation can be relaxed and the crystal struc- 
ture recovered by thermal annealing. Elman 
et al.69 studied thermal annealing processes 
using Raman scattering on HOPG samples 
implanted with 100 keV B+ ions at doses of 
1 x IOl4 to 2.5 x 1016B+/cm2. They observed 
a partial restoration of crystalline order with 
a decrease in the D-peak for the annealing 
at 1223 K for 1800 s (Figure 24). Niwase et 
al.94 used Raman scattering to study isoch- 
ronal annealing following 25 keV D+ irra- 
diation of HOPG below 1 x lot6 ions/cm2 
and found a relaxation of disorder below 
873 K; a result that was suggested to indi- 
cate the presence of dose-dependent stable/ 
unstable defects. Of interest is that this tem- 
perature is lower than that for bulk graphi- 
tization of carbon films and precursor car- 
bons. 

B. Real-Time Observation of 
Raman Spectra and Thermal 
Relaxation of the Lattice Disorder 

With respect to transient behaviors and 
thermal annealing, few papers had existed 
until kinetic studies on thermal relaxation 
of ion-irradiated graphite were performed 
using real-time Raman measurement~.~j-~O1 
For the real-time Raman measurement stud- 
ies, ion irradiation was performed for 300 s 
giving a total ion dose of 3 x lOI3  ions/cm2 
in which graphite loss due to sputtering was 
negligible, and the basal plane structure of 
graphite was maintained. Figure 44 shows 
typical first-order Raman spectra of HOPG 
during and after 3-keV He+ irradiation at a 
sample temperature of 453 K.96*98 The 
D-peak induced by irradiation increased as 
the irradiation time increased (curve b and 
c). After which ion irradiation was stopped, 
Raman measurements were continued while 
maintaining the sample at 453 K. Curves d 
and e show the spectra obtained at 700 and 
3000 s, respectively, after stopping ion irra- 
diation, where the D-peak markedly de- 
creases in comparison to that in curve c. 

Figure 4% shows the corresponding time 
dependence of the peak intensity ratio ( R  = 
D/G) at room temperature up to a time pe- 
riod of 5 ks, where R increases proportion- 
ally to the square root of ion irradiation time 
( t  c 300 s) and reaches = 0.8 at t = 300 s.96 
After ion irradiation is stopped ( t  > 300 s), 
R remains almost constant. At 393 K (Fig- 
ure 45b), R shows a similar behavior to that 
for room temperature, although it slowly 
decreases after irradiation stops. With a 
sample temperature of 453 K (Figure 46c), 
R increases during irradiation to a maxi- 
mum of -0.7, where the increase is not 
proportional to the square root of the irra- 
diation time. Once the irradiation is stopped, 
it rapidly decreases ( t>  300 s) to 0.37 within 
700 s. After t > 1000 s, R slowly falls to 
50.3. Figure 45(d) shows corresponding re- 
sults at 473 K, where R only increases to 
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FIGURE 44. Raman spectra of HOPG at 453 K: (a) before ion irradiation, (b) and (c) obtained after 150 and 
300 s of 3 keV He+ irradiation at a flux of 1 x 10” ions/cm2 s, respectively, and (d) and (e), respectively, 
obtained at 700 and 3000 s after the stop of irradiation.% 
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FIGURE 45. Time dependence of the relative intensity R for 3 keV He+ irradiation of HOPG at (a) room 
temperature, (b) 393 K, (c) 453 K, and (d) 473 K. He* irradiation was performed under 1.0 x 10" iondcmz s 
in the first 300 s. Solid curve is a result of a least-squares calculation based on Eq. 21 (400 s) and Eq. 22 
(>300 s)." 

~0.48,  and decreases slightly to 0.37 imme- 
diately after irradiation, followed by a 
gradual reduction. The results show ther- 
mal relaxation of the irradiation-induced 
lattice disorder following the creation of the 
disorder during ion irradiation ( t  c 300 s). It 
should be noted that the thermal relaxation 
may include two processes (at least) having 
fast and slow relaxation rates. 

C. Thermal Relaxation Rate 

The thermal relaxation behavior of the 
lattice disorder is discussed in terms of the 
IDD model modified to incorporate defect 
annihilation effects. The model was inspired 
by the measured time dependence of the 
Raman spectrum (Figures 4% and 45d), 
which suggests the presence of two pro- 
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FIGURE 46. Time dependence of Rfor HOPG during 3 keV He+ irradiation at a room temperature (square), 
473 K (solid circle), and 573 K (circle), respectively. Solid curve is a result of least-squares root calculation 
by Eq. 21, and the dashed line that of Eq. 21 neglecting the fast relaxation process(1).~.98 

cesses that increase the phonon correlation 
length, that is, a fast process (I) and slow 
one (11). It is assumed that some of the 
defects are annihilated by the fast process 
(I), and the rest are annihilated by the slow 
process (11), and that both processes occur 
independently. The rates of defect density 
are expressed by a sum of defect creation 
term and the defect annihilation term due to 
thermal relaxation. The time dependence of 
R during irradiation is given byg6 

and R after stopping irradiation is 

R = ~ { ~ [ ~ - e x p ( - k , r , ) ) ] ~ x p [ - ~ , ( r - t , , ) ] / ~ ~  

where k, and k,,  are the thermal relaxation 
rates of the defects, to is the time at which 
ion irradiation is stopped, A is a constant 
and B = Cw~cp)'~. If the relaxation rate 
is small enough, the value of R during irra- 
diation becomes equal to Eq. 19 and is pro- 
portional to the square root of the irradia- 
tion time that corresponds to the result of 
room temperature. Essentially, the same 
thermal relaxation behaviors were confirmed 
for graphite under irradiation of hydrogen 
and neon  ion^.^^.^ 

Figures 45a to d also show the calcula- 
tion results using Eqs. 21 and 22. Note the 
good agreement between the calculation and 
the experimental data. The calculation re- 
produced especially well the decay curve 
for the two relaxation rates observed at 453 
and 473 K. The rate constant k, was much 
higher than k,, for example, k, and k,, at 453 
K are (4.6 k 0.8) x lP3 and (1.4 k 0.4) x 
10-4 s-I, respectively. Figure 46 shows R vs. 
the square root of the irradiation time during 
ion i r rad ia t i~n .~~.~*  R calculated with the 
small rate constant (k, < 10-6 s-I) is propor- 
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tional to the square root of irradiation time 
(dashed line), following Eq. 19. The solid 
line shows the calculation with the rate con- 
stant k, at 473 K (1 x lo-* s-'). The deviation 
away from the straight line indicates that 
the fast process (I) for defect annihilation is 
also occurring strongly during ion irradia- 
tion. No increase in R is observed at 573 K, 
showing that the defect annihilation rate is 
higher than the creation rate at this tempera- 
ture. 

Figure 47 shows an Arrhenius plot of 
the rate constants k, and kII. Activation ener- 
gies for relaxation process (I) and (11) were 
determined from the slopes to be 0.89 k 
0.10 and 1.8 k 0.3 eV, respectively. Soder 
et al.lo2 investigated ion-beam-induced self- 
diffusion in pyrolytic graphite using Ruth- 
erford backscattering and a model calcula- 
tion, and subsequently obtained a rate 
constants for both interstitial-vacancy re- 
combination and vacancy-vacancy annihi- 

lation. On the basis of their study, the acti- 
vation energy for the annihilation of vacan- 
cies through the vacancy-interstitial recom- 
bination process was 0.65 eV. It should be 
noted that this energy value is close to the 
activation energy of the fast relaxation pro- 
cess (I). Therefore, the fast relaxation pro- 
cess (I) was suggested to be a recombina- 
tion of vacancies and single interstitials 
through in-plane migration of interstitials, 
resulting in increase in La (Figure 48). 

A very recent measurement spanning a 
longer time period of 40 ks at 433 K made 
clear that the slow rate process (11) is further 
composed with two stages (stage 11' and 
stage 111') (Figure 49).'0° Single interstitials 
(single vacancies) migrate faster than the 
interstitials cluster (vacancies cluster), and 
the activation energies for in-plane migra- 
tion for single-interstitial and di-interstitial 
are 0.14 and 0.86 eV.7s The activation en- 
ergy for vacancy diffusion in the basal plane 
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k 
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FIGURE 47. Arrhenius plot of reciprocals of time constants 1/7, (=k,) (solid circle) and l/r, (=k,,) (circle) for 
HOPG." 
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FIGURE 49. Plot of In Nd vs. time at 433 K for HOPG after irradiated 2.7 x I 015 ions/cm* s for 300 s at 5 keV 
deuterium ions.'" For the notation, N, means the number density of defects. 

is =3.1 eV, being much higher than that for 
the in-plane interstitial migration.lo3 Iwata 
et al.lM pointed out that the single interstitials 
start to migrate around 10 K and the di- 
interstitials recombine with vacancies 
through di-interstitial diffusion around 473 
K. The latter temperature, 473 K, is compa- 
rable to the Raman measurement tempera- 
ture (433 K). Therefore, it is possible that 
the annihilation process of vacancies occurs 
through the in-plane migration of di- 
interstitials. The relaxation process 11' was 
suggested to be a recombination process of 
single vacancies and di-interstitials that was 
proposed by Iwata et al. The slowest relax- 
ation process 111' was deduced to be domi- 
nated by a combination of other slower pro- 
cesses, for example, clustering of single 

vacancies and migrations of larger intersti- 
tial clusters and vacancies clusters.1m 

VII. LOCALIZED MODES OF 
DEFECTS IN CRYSTALS 

Localized vibration modes provide de- 
tailed and more intuitive information about 
identity and the lattice location of both iso- 
lated and compexed impurity atoms in crys- 
tals. Many papers have reported on chemi- 
cal trapping of impurities in crystalline 
s e m i c o n d u ~ t o r s ~ ~ ~ - ~ ~  and other crystals. In 
particular, because hydrogen is an impor- 
tant impurity in semiconductors and is in- 
corporated during the various stages of semi- 
conductor processing, hydrogen-related 
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defects in semiconductors have been stud- 
ied extensively using Raman and infrared 
(IR) spectroscopy. In this section, we first 
discuss vibrational modes of the hydrogen- 
related defects due to Si-H or C-H bonds in 
crystals. Next, Raman studies on hydrogen 
molecules in crystalline semiconductors, 
which is a recent topic in the field of defects 
in semiconductors, are discussed. 

A. Vibrational Spectra of Hydrogen 
Related Defects 

Hydrogen in crystalline silicon has sev- 
eral possible configurations. It terminates 
dangling bonds on the surface and passi- 
vates acceptors, donors, and deep-level im- 
purities in the bulk by forming complexes 
with the  dopant^.^^'-'^* Much of the micro- 
scopic information about defect complexes 
that include hydrogen atoms has come from 
IR absorption and Raman scattering. Many 
papers have reported H-stretching vibrations 
of the acceptor-H and donor-H complexes 
using IR spectroscopy. Stavola and Pearton 
reviewed the observation of local vibrational 
modes for B-H, AI-H, Ga-H, Be-H, As- 
H, P-H, and Sb-H complexes and their con- 
figurations in Si.109*110 In addition, recently 
vibrational modes of H-0  and H-0-vacancy 
complexes were suggested to form.111.112 Si- 

plexes were also observed in GaAs with IR 
absorption. Here, we do not describe the 
details of the IR studies. 

Using Raman spectroscopy, Stutzmann 
et al. investigated p-type crystalline Si doped 
with 1.3 x 1020 B ~ m - ~  after exposure to a 
remote deuterium p1a~ma.I’~ When the 
D-content within the optical penetration 
depth was comparable to the B-concentra- 
tion, only a characteristic vibration of the B- 
D complexes at 1365 cm-’ was observed at 
300 K (Figure 50a). For D-concentrations 
largely exceeding the B-doping level, at least 

H,109,113,114 C-H,II5.116 and C2-H110 corn- 

four new deuterium related local modes 
(1405, 1602, 1623, and 1695 cm-l) were 
observed (Figure 50c). These Raman lines 
were suggested to relate to formation of 
quite specific types of lattice defects: Si-D 
complexes (but not like “platelets”).l20 They 
also investigated Si doped with 6 x 1019 
B ~ m - ~  and found a strong temperature de- 
pendence (5 to 300 K) of vibrational modes 
of Si-H complex.11s 

Chemical trapping of hydrogen in the 
substrate lattice can be evidenced by the 
appearance of local vibrational modes such 
as Si-H, and Ge-H in Si and Ge, respec- 
tively. Raman and IR spectroscopy are 
complementary tools to study the configu- 
rations of these hydrogen-induced defects. 
One of the advantages for using Raman 
spectroscopy is that we can compare local 
modes with optical phonon modes of the 
substrate lattice. To restate, it is possible to 
relate the configuration of hydrogen-related 
defects to the degree of lattice disorder. 
Gruen et al.Il9 performed a systematic 
Raman measurement combined with IR on 
5 to 15 keV proton and deuteron irradiated 
Si and Ge (Figure 5 1). The local vibrational 
mode frequency of Si-D is very broad and 
exhibited overlapping doublets around 1500 
cm-’ for Si irradiated with 15 keV 0.8 x 10l8 
D+/cm2 at 23°C. Raman spectra of this 
sample showed essentially the same Si-D 
stretching mode feature observed by IR 
absorption. The optical phonon band of Si 
observed around 520 cm-I was greatly broad- 
ened by deuteron irradiation, suggesting 
amorphization. After progressive annealing, 
one of the broad band components of Si-D 
disappeared (Figure 5 l ) ,  as well as sharpen- 
ing of the optical phonon of Si: increasing 
the phonon correlation length (Figure 52). 
The similar annealing behaviors were con- 
firmed for the irradiated Ge.Il9 The results 
showed that one of the different trapping 
sites in Si and Ge is inferred to be less stable 
during recrystallization. These results are 
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FIGURE 50. Room temperature Raman spectra of deuterium-passivated P-type Si. The total deuterium- 
concentration in the scattering depth probed by the experiment is (a) 32 x 1 0 2 O  cma, (b) =5 x 1020 cm-3, 
(c) 12 x 102' cm9.117 

important because they indicate a clear cor- 
relation between the hydrogen related local 
modes and the lattice disorder, although 
phonon confinement due to the defects was 
not discussed in a quantitative manner. 

Hydrogen, introduced into n-type crys- 
talline silicon at moderate temperatures (e.g., 
<250"C), can generate extended structural 
defects. These defects are planar in shape, 
are aligned predominantly along ( 1 1 1 ) - 
crystallographic planes, and a consequence 
of the coordinated formation of S-H 
bonds.120*121 This platelet was suggested from 
TEM measurements to have an average di- 

ameter of about 7 nm containing -400 Si- 
H bonds.120J21 This hydrogen-induced plate- 
let was studied by several authors from 
Raman scattering.' 17~120~122~123 Hey man et 

performed a precise measurement on 
the local modes of S-H bonds of an n-type 
crystalline Si hydrogenated by a remote hy- 
drogen plasma at 150°C. The Raman spec- 
tra of local vibrational modes at different 
annealing temperatures, together with the 
corresponding IR spectra, are shown in Fig- 
ure 53. They attributed the local modes ob- 
served at 2065,2095, and 2125 cm-' to the 
hydrogen-induced platelets in crystalline Si. 
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FIGURE 51. Infrared spectra of Si (111) disk bombarded with 15 keV 0.8 x 10l8 D+,/cm2; annealing in vacuum 
for 4-h periods at 23, 200, 360, 530, and 630°C.119A similar information was obtained from Raman measure- 
ments. 

Recently, Fukata et al.123 found two broad 
local vibrational modes of Si-H bonds at 
2100 and 2130 cm-* in Raman spectra for 

an n-type crystalline Si after a remote hy- 
drogen atom treatment at hydrogenation 
temperatures of 150 to 18OoC, as shown 

333 



I I I I I I I I I I I 

Si ( 1 1 1 )  
0.8 x lo'* 15keV Dr/cm2 

Annealing in vacuum 
for 4 hour periods 

Resolution: IOcm" 

0 

FREQUENCY (CM") 

FIGURE 52. Raman spectra of Si (111) disk bombarded with 15 keV 0.8 x 1Ol8 D+,/cm2. Raman scattering 
spectra of ion-implanted surface were recorded at different stages of isochronal annealing.119 

with a curve (b) in Figure 54. These fre- 
quencies were seen to correspond to the two 
of those observed by Heyman et al., and 
agree well with theoretical values, 2095 and 
2 122 cm-', obtained using the self-consis- 
tent semiempirical MIND0/3 Hamiltonian, 
where pairs of hydrogen atoms saturate the 
broken bonds between two adjacent Si at- 
o m ~ . ~ ~ ~  They further found a difference in 
the thermal stability between the two local- 
ized modes: the component at 2100 cm-' 

was still present at hydrogenation up to 
5OO0C, while that at 2 130 cm-1 vanished for 
hydrogenation temperatures above 250°C. 
They attributed the peak component at 2 130 
cm-1 to the Si-H bonds in platelets and 
2 100 cm-1 to more isolated Si-H bonds than 
those in platelets, because the TEM obser- 
vation showed that the platelets were not 
stable above 250°C.120J21 The higher fre- 
quency of the platelet's Si-H band suggests 
that the Si-H bonds are constrained exhib- 
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FIGURE 53. Raman (top) and infrared (bottom) measurements of the local vibrational models in the same 
FZ n-Si sample as a function of annealing. (a) After exposure to a hydrogen plasma for 150°C (20 min) and 
275°C (60 min). (b) An additional vacuum anneal at 300°C (30 min). (c) An additional vacuum anneal at 400°C 
(40 min).12* 

iting a compressive stress. At higher tem- 
peratures the compressed Si-H bonds would 
relax and thus the Si-H band frequency 
would decrease. Local vibrational modes of 
the Si-H bonds were also observed in amor- 
phous Si:HlZ5Jz6 and reactive ion-etchedlZ7 
or hydrogen adsorbed128 silicon surfaces 
using Raman techniques (the surface trap- 
ping modes are not within the scope of this 
review). 

Local vibrational modes of Si-H and 
C-H bonds were also observed in proton- 
or deuteron-irradiated Sic.  Figure 55 shows 
the Raman spectra of S i c  after irradiation 
with 15 keV D+ to a dose of 3 x 10l8 cm-2 
and H+to 1.5 x lOI9 cm-2 (spectrum b and c, 
r e~pec t ive ly ) .~~  The weak, broad band 
around 2100 cm-I was attributed to the Si- 
H local vibrational mode and broad band 
appearing at 2925 cm-l was analogously 
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FIGURE 54. Raman spectra of Si-H stretching for crystalline (a) before hydrogenation and after treatment 
with atomic hydrogens at (b) 180°C, (c) 250°C and (d) 400°C.123 

attributed to local vibrational mode of C-H. 
In the deuteron-irradiated S ic  a broad band 
around 2150 cm-* was expected to be C-D 
local mode. The C-D local band was also 
observed in graphite after exposure to a 
deuterium plasma at room ternperah~re.~~ 

B. Hydrogen Molecules in Crystals 

1. Observation of Hydrogen 
Molecule by Raman Scattering 

Molecules without a dipole moment 
cannot be detected by infrared absorption 
but they are Raman active (Section 11). For 
example, vibrational modes of C-C pairs 

were reported to be detected by Raman 
sacttering as an impurity-induced defect in 
GaAs.IM A metastable configuration H2* 
was proposed as another type of hydrogen 
molecule in crystalline This was pre- 
dicted to consist of a bond-center hydrogen 
and a hydrogen at a neighboring tetrahedral 
interstitial site and has an energy that is 
0.01 eV higher than the most stable hydro- 
gen molecule. Recently, this metastable hy- 
drogen molecule was reported to be ob- 
served in H+ implanted s i 1 i ~ o n . l ~ ~  For 
amorphous Si:H, on the other hand, hydro- 
gen molecules in voids have been directly 
detected by IR absorption.I3' The existence 
of deuterium molecules was also suggested 
by Raman measurement of amorphized 
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FIGURE 55. Raman spectra (1800 to 2400 cm-I and 2600 to 3300 cm-l; note frequency scale change) of 
SIC: (a) before bombardment, (b) bombarded with 15 keV D+, to a dose of 3.0 x cm-2, (c) bombarded with 
15 keV H+, to a dose of 1.5 x 1 019 cm-2.73 

graphite surface layer exposed to a deute- 
rium glow di~charge.~'  In crystalline sili- 
con, theoretical calculations predicted that 
the hydrogen molecule was stable at tetra- 
hedral interstitial sites in silicon with its 
axis along a <loo> (or <111>) d i r e ~ t i o n ~ ~ ~ . ' ~ '  
(Figure 56). However, direct observation of 
hydrogen molecules were lacking until the 
recent Raman studies on hydrogenated crys- 
tals were r e ~ 0 r t e d . l ~ ~  

Murakami et al.132 observed for the first 
time hydrogen molecules in crystalline sili- 

con by detecting their vibrational and rota- 
tional Raman lines after a remote hydrogen 
atom treatment at substrate temperatures of 
60 to 600°C. Figure 57a shows a Raman 
spectrum of crystalline Si after treatment 
with atomic hydrogen at 400°C. In addition 
to the local vibrational modes of Si-H bonds 
around 2100 cm-I, broad Raman lines were 
observed at around 590 cm-I and 4 158 k 3 
cm-1 and were assigned to the S,(1) rota- 
tional line and the Q1 vibrational line of H,, 
respectively. Both p-type Si and heavily 
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FIGURE 56. Schematic illustration of the minimum energy position of a H, molecule in the Si crystal: located 
at the tetrahedral interstitial site and oriented along 4 OO>.141 

\ \  

550 600 1500 2000 2500 3000 3500 4000 

Raman Shift (crn-l) 

FIGURE 57. Typical Raman spectra of crystalline Si (a) after treatment with H atoms at 400°C and (b) after 
treatment with D atoms at 400°C.123 
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doped n-type Si were examined, and no 
significant difference in the Raman spec- 
trum due to the sample difference was ob- 
~ e r v e d . ~ ~ ~ , ~ ~ '  In crystalline Si treated with 
deuterium atoms, the QI vibrational line 
(D2) and the Si-D stretching line occurred 
at 2990 cm-1 and at 1530 cm-I, respectively 
(Figure 57b). The isotope shift confirmed 
the existence of hydrogen molecules in crys- 
talline Si. The Raman spectra depth profil- 
ing of in Si obtained by a chemical etching 
of the surface layers showed that H, was 
present down to a depth of about 120 nm 
from the surface. To restate, H, exists not 
only near the surface but also in the bulk Si 

~rys ta1 . l~~ A plausible trapping site of H, is 
the tetrahedral interstitial (T,) site in crys- 
talline Si,123J32 which was previously pre- 
dicted by the theoretical calculations. 

Fukata et performed a systematic 
study on the hydrogenation temperature 
effect on the formation of hydrogen mol- 
ecules. Figure 58 shows the vibrational lines 
of H, of Si crystal treated with atomic hy- 
drogen at various temperatures. The inten- 
sities of the vibrational lines were largest at 
a hydrogenation temperature of 400°C, while 
that of the Si-H stretching line had a maxi- 
mum at 250°C. as shown in Figure 59.123J36 
The vibrational line of H, was significantly 

I I I I I 
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Raman Shift (crn-') 

FIGURE 58. The vibrational Raman line of H, in crystalline Si (a) before hydrogenation, and after hydroge- 
nation at (b) 180°C, (c) 250°C, (d) 3OO0C, (e) 400°C, and (f) 600"C.123 
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FIGURE 59. The intensities of the Q, line of H, (solid circle) and the Si-H stretching line (square) in heavily 
doped n-type silicon as a function of hydrogenation temperature (Th) measured at 300 K. The intensities are 
normalized by that of the phonon peak of Si.'36 

asymmetric with a shoulder at around 4130 
cm-I for crystalline Si hydrogenated at 
25OoC, which corresponds to the maximum 
formation of Si-H. The main peak at 4160 
cm-I was attributed to H, trapped in the 
tetrahedral sites of the well-ordered silicon 
lattice, whereas the shoulder around 4130 
cm-1 was inferred to arise from H, in the Td 
sites of the distorted lattice: the distortion 
caused by the existence of Si-H bonds in 
the v i ~ i n i t y . l ~ ~ J ~ ~  

It was noted that the widths of the vibra- 
tional lines were much larger than those of 
gaseous or solid hydrogen molecules, while 
the Raman shifts were comparable. Re- 
cently, Leitch et al. confirmed quite similar 
Raman spectra for crystalline Si treated with 
a hydrogen ~ 1 a s m a . l ~ ~  The linewidth of the 
vibrational line gradually decreased with 
increasing hydrogenation temperature, from 
about 50 cm-1 for 180°C hydrogenation to 

30 cm-' for 500°C. The broadening of the 
Raman lines of H, is too large to be ex- 
plained by high-pressure gaseous H,. In fact, 
the vibrational Raman line of gaseous H, at 
a pressure of 200 MPa, the pressure of gas- 
eous H, in voids in amorphous ~i1icon. l~~ 
has a width no more than 3 cm-1.139 On the 
other hand, for H, dissolved in vitreous silica 
the spectral linewidth was about 20 cm-l at 
room temperature and exhibited significant 
narrowing with decreasing measurement 
temperature.lJ0 The temperature-dependent 
part of the width was explained in terms of 
collisional or motional broadening. To ex- 
amine the origin of the large linewidth of H, 
in crystalline Si, Raman measurements were 
also performed at 90 K. No significant dif- 
ference was observed after lowering the tem- 
perature to 90 K. More precise measure- 
ments were performed by Leitch et al.,138 
and no temperature dependence of the 
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linewidth was detected from 4 to 300 K. 
These results clearly indicate that the broad- 
ening is not attributed to collisional broad- 
ening in a high-pressure gas or other mo- 
tional broadening, but predominantly to 
inhomogeneous broadening due to various 
configurations in Si crystal. Most of H, mol- 
ecules were deduced to be trapped, isolated 
in crystalline Si;123.137 to restate, H, mol- 
ecules are not present as a high-pressurized 
gas in a free space like a void or platelet. 

In order to investigate the thermal sta- 
bility of H, in Si, crystalline Si was treated 
with hydrogen atoms at 250°C for 3 h and 
then thermal annealed at temperatures from 
300 to 500°C.142 It was evident that H, was 
stably trapped in the crystalline silicon up 
to =4OO0C because the intensity of the H, 
stretching mode and the line shape were 
almost constant up to 400°C with a similar 
lineshape. The Raman intensity of the Si-H 
bonds monotonically decreased as the an- 
nealing temperature increased. There was 

no strong correlation in the annealing be- 
havior between the Si-H bonds and H,. 

The effect of crystal disorder on the 
formation of H, was examined. Raman 
measurements were performed on microc- 
rystalline and amorphous Si treated with 
atomic h ~ d r 0 g e n . I ~ ~  A vibrational line of H, 
was observed in microcrystalline Si after 
hydrogenation, and its intensity in microc- 
rystalline was one fifth of that observed in 
the crystalline Si. No Raman signals due to 
hydrogen molecules were observed in amor- 
phous Si. These results show that H, is 
trapped in non-damaged, well-ordered bulk 
crystal. 

Molecular hydrogen was also observed 
in crystalline GaAs. Vetterhoeffer et ~ t 1 . l ~ ~  

exposed crystalline GaAs to a hydrogen/ 
deuterium plasma and measured the Raman 
spectra. Using a pure hydrogen plasma, a 
doublet was observed at 3934 cm-l, as shown 
in Figure 60a, and the Raman intensity ratio 
(3: 1) was consistent with the expected value 

H2 
(a) H2 plasma 

. .  . '  - 1 .  

I I I 1 I I '  I 
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Raman shift (cm-1) 

FIGURE 60. Low-temperature (T = 77 K) Raman spectra of three samples after different plasma treatments. 
(a) GaAs, 8 h H, plasma treatment at T = 254°C. (b) GaAs, 3-h D, plasma treatment at T = 200°C. (c) GaAs, 
8 h 50% Hd50%0 D, plasma treatment at T = 200°C.133 
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of the ortho/para ratio. Only a singlet line at 
2843 cm-’ was observed when a pure deu- 
terium plasma was used (Figure 60b). Fi- 
nally, using a mixture of hydrogen and deu- 
terium gas for the plasma, these lines plus 
an additional one at an intermediate fre- 
quency, 3447 cm-l, appeared (Figure 60c). 
They assigned these lines as vibrational 
modes of isolated H,, D,, and HD in GaAs, 
respectively. The H, spectra are different in 
some aspects from those of Si. The Raman 
line of H, in GaAs was sharper (-3 cm-I) 
and lower in frequency than that in Si. Com- 
pared with the Si case, however, we do not 
have enough information about hydrogen 
molecules in crystalline GaAs. Further in- 
vestigation is needed to increase the under- 
standing of the formation of hydrogen mol- 
ecules in GaAs crystals: areas of interest are 
precise hydrogenation-temperature depen- 
dence, annealing effects, effects of defects 
in crystal, and effects of near-surface com- 
positional change to be induced by interac- 
tions with the hydrogen plasma. The differ- 
ence in the Raman spectra of hydrogen 
molecules in Si and GaAs suggests the im- 
portance of a systematic study on matrix 
effects such as ionicity, lattice constant, etc. 

Following the Raman studies of hydro- 
gen molecules in crystalline Si132J37 and 
G ~ A S , ’ ~ ~  it  was reported that three hydro- 
gen-stretching modes at 3789, 373 1, and 
3618 cm-I were observed for Si with oxy- 
gen -1018cm-3.144 The first two lines with 
higher frequencies were assigned to hydro- 
gen molecules trapped close to interstitial 
oxygen atoms, and the line of the lowest 
frequency to hydrogen molecules trapped 
by an impurityldefect such as carbon or 
nitrogen. A reduction in electron density of 
the H-H bond was inferred to explain the 
reduced H, frequencies and induction of a 
dipole moment. In their hydrogenation the 
samples were heated in a 1-atm hydrogen 
gas at 1000 to 1300°C and cooled rapidly 
by dropping into a silicon oil rapidly to 

room temperature, or were heated in a quartz 
tube that was withdrawn rapidly from the 
furnace and plunged into water. Thus, there 
should be some effects of lattice damage (or 
defects) on the H, formation. The samples 
should be examined with Raman spectros- 
copy as well to confirm the existence of 
hydrogen molecules having no dipole mo- 
ment. 

2. Theoretical Considerations 

Finally, we discuss the theoretical cal- 
culations of hydrogen molecules in crys- 
tals, briefly. “Hydrogen molecule in crys- 
tal” is a new type of defect in crystals and 
thus is attracting much attention, particu- 
larly about in which sites H, are present in  
crystals. The frequencies of H, vibrational 
modes in crystalline semiconductors were 
theoretically calculated by several authors. 
Nakamura et al. calculated, for the first time, 
potentials of a hydrogen molecule in a sili- 
con cluster (SilOHI6) based on an ab initio 
molecular orbital (MO) theory.145 H, exhib- 
ited a minimum energy at a Td site of the 
cluster, with the molecular axis oriented 
almost along (100) direction, which corre- 
sponds to the result by the Van de Walle.135 
The calculated frequency of H, was 4393 
cm-l. This value is near to the experimental 
value, in particular if we consider an 
unharmonic term of vibration. The linewidth 
obtained experimentally, about 30 cm-l, was 
also comparable to the distribution in the 
vibrational frequency of H, in different ori- 
entations at the Td site in s i  calculated by 
the ab inito MO theory. Recently, on the 
other hand, the frequencies of H, in the T, 
site of crystalline semiconductors were also 
calculated based on the density functional 
theory (DFT). Nakamura et al.146 performed 
the DFT calculations using small clusters. 
Van de Walle performed calculations on H, 
in 32-Si-atoms supercells based the local 
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density approximation (LDA) in the DFT 
and ab initio pseudopotentials for five dif- 
ferent sernicond~ctors.~~~ Okamoto et a]. per- 
formed similar calculations based the gen- 
eralized gradient approximation (GGA) as 
well as LDA in the DFI'.148 The calculated 
frequencies by the DFT for Si and GaAs 
were always downshifted from that for a 
free H,; there were differences in the fre- 
quency between the DFT  calculation^^^^^^^ 
and the calculated values ranged 3000 to 
3700 cm-1 for Si and 3500 to 3800 cm-l for 
GaAs. The observed downshift in frequency 
for GaAs appears to be explained with the 
DFT calculations, but for Si not. However, 
the DFT calculations did not reproduce the 
H-H distance in a free H,: the H-H distance 
was always larger by about 0.03 nm than 
the experimental value (0.0742 nm).146148 
Calculations based on the LDA seems to 
stress the interaction between H, and the 
surrounding lattice. It has not been under- 
stood well why there is such a difference in 
the frequency and the H-H distance between 
the MO and DFT methods. One should be 
careful about a choice of the electronic ex- 
change correlation energy and the basis set.146 
At the moment I do not feel that the theories 
can judge where H, molecules locate in the 
crystals. Further theoretical calculations that 
would explain both properties of the isolated 
molecules and the band structure of solids at 
the same time is necessary for understanding 
the structure of H, in the crystals. 

VII. CONCLUSIONS 

The Raman line shapes and frequencies 
of the lattice vibrations would change ow- 
ing to the relaxation of the wave-vector se- 
lection rule for the optical phonons when 
introducing disorders in crystals. The de- 
gree of disorder in crystal is quantitatively 
evaluated in terms of the phonon correla- 
tion length L :  a measure of size of the 

phonon confinement by the defects in crys- 
tals. L can be obtained by applying the SC 
model to the analysis of the Raman phonon 
line shape. In the SC model, spectral feature 
could shift or broaden, if L is finite, phonon 
dispersion curves vary significantly in the 
region near q = 0. Actually, the asymmetric 
line shapes in microcrystalline Si and other 
crystals with defects were well reproduced 
by this model. For crystalline semiconduc- 
tors such as Si and GaAs, the asymmetric 
line shapes caused by ion implantation were 
also well reproduced in terms of the SC 
model. It is surprising that the SC model 
was applied successfully to Raman scatter- 
ing in the alloys (Ga,-,Al,As/GaAs and 
G%,4,1n,.5,As/InP), showing a relaxation of 
the wave-vector selection rule due to the 
alloying induced-potential fluctuations. 

Disordered graphite is known to exhibit 
a sensitive DIRS peak, and the in-plane 
phonon correlation length La can be ob- 
tained from the relative intensity ratio R of 
the D-peak (1360 cm-I) with respective to 
the G-peak. As La decreased in the micro- 
crystalline graphite, the D-peak became 
strong in the intensity and all the lines broad- 
ened. A detailed Raman study of the ion- 
implanted graphite showed a dramatic 
change in line shape at the dose of 5 x 1015 
ions/cm2, indicating an abrupt transforma- 
tion to an amorphous layer at a critical dose. 
The ion mass and energy dependence on 
Raman spectra were explained in terms of 
the ion range, the ion straggling, and the 
optical penetration depth. The disordered 
structures for the ion-irradiated graphite was 
clearly mapped with linewidth and the R. 
and each domain in the map corresponded 
to a characterized TEM picture. It was 
proven from SERS that the outmost surface 
is highly damaged by ion irradiation. For 
other DIRS peaks in graphite six bands of 
DOS were observed in a lower frequency 
range after the annealing of amorphous car- 
bon films, suggesting the formation of 
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nanocrystallites of 15, = 1.3 nm. DIRS peaks 
were observed in other disordered materials 
such as TiCx or ion-implanted GaAs. 

Combined with the removal techniques 
of surface layers, it is important to take 
Raman scattering depth profiles to know 
the structural depth profiles. It was evident 
that the profile of LO frequency shift fol- 
lowed well the nuclear energy loss curve in 
the 1 MeV Si+ implanted GaAs. The reso- 
nant Raman scattering or the Raman scat- 
tering of coupled LO phonon-plasma modes 
was suggested to be a new sensitive probe 
of defects in ion-implanted semiconductors. 

Kinetic studies of lattice disordering of 
crystals became possible, using the real- 
time Raman measurements during ion irra- 
diation in a scale of seconds. With the real- 
time technique, the disordering rates were 
experimentally determined, and the phonon 
confinement due to the local defects was 
observed in the kinetic manner. The mea- 
surements were first applied to graphite. 
The experiments were focused on the very 
initial stage of the disordering, where the 
basal plane structure of graphite maintained 
with only local defects. The square root 
dependence of the irradiation time to the 
reciprocal of the in-phonon correlation 
length (1/La, was well reproduced by the 
IDD model assuming t d  = La in the graphite 
plane: a phonon confinement in a small area 
surrounded with defects. For GaAs the cu- 
bic root dependence of the irradiation time 
to the reciprocal of the phonon correlation 
length (1/L) was observed. The agreement 
in ion-dose dependence of t d  and La implied 
that the IDD model is applicable to the three- 
dimensional crystals as well as two dimen- 
sional. To restate, the LO phonon becomes 
localized in a small volume surrounded with 
defects as the ion dose increases. 

The real-time Raman measurements led 
us to the direct observation of the thermal 
relaxation processes of the disordered struc- 
tures. The relaxation rates were determined 

for graphite irradiated with low-energy ions. 
To date, three distinct stages of thermal 
relaxation process with different rates have 
been observed in the ion-irradiated graph- 
ite. The thermal relaxation kinetic study has 
been performed only for graphite. This real- 
time study should be extended to other crys- 
tals. 

The increase in optical absorption coef- 
ficient in the near-surface damage region 
resulted in the Raman intensity decrease in 
the crystals irradiated with low-energy ions. 
This could provide another way for the dis- 
ordering kinetic study of crystals. 

Localized vibration modes provide de- 
tailed and more intuitive information about 
the identity and the lattice location of both 
isolated and complexed impurity atoms in 
crystals. In many of studies on the localized 
vibration modes, the Raman spectroscopy 
was complementary with the IR absorption. 
In this paper the localized modes of the 
hydrogen-related defects were discussed in 
detail. In the hydrogenated crystalline Si, the 
local vibrational bands of the Si-H bonds 
observed were strongly temperature depen- 
dent, and the one that is unstable above 250°C 
was suggested to relate to the platelet. 

Very recently, hydrogen molecules in 
the hydrogenated crystalline Si and GaAs 
were detected using Raman scattering. The 
observed vibrational band of H, in the Si 
had a similar frequency to that of H, in gas, 
liquid, and solid phases, and much higher 
linewidth. On the other hand, the H,-line in 
the GaAs was sharp and downshifted in 
frequency. A systematic Raman experiment 
for the hydrogenated Si showed that the H, 
does not exist in free spaces like voids or 
platelets. However, it is still controversial 
both experimentally and theoretically in 
which sites H, molecules are present. 

To understand more about defects in 
crystals, it is of importance to relate local- 
ized vibrational modes to the phonon corre- 
lation length that could be obtained from 
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the optical phonon modes. Such studies have 
not been well performed, including H, in 
crystals. 

Local strains or stresses induced by 
defects can be also evaluated from Raman 
spectra. Some examples for this matter were 
explained. 

For future directions, coherent optical 
phonon  oscillation^^^^^^^^ and excited 
phonon-population decayls3 were observed 
directly by the pump/probe techniques us- 
ing ultrashort pulse lasers in the picosecond 
and femtosecond time regime. It is of im- 
portance and of interest to apply the tech- 
niques to the vibrational spectroscopic stud- 
ies on defects in crystals. 
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