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Lattice disordering in graphite under rare-gas ion irradiation studied by
Raman spectroscopy
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We present real-time Raman measurements on graphite under 3-keV rare-gas ion irradiation. The
graphite lattice disorder is estimated by the relative intensity ratio of the disorder-induced peak ( ~ 1360
cm™!) with respect to the Raman active E,,; mode peak (~1580 cm™!), and the peak intensity ratio is
found to be proportional to the square root of ion irradiation time in the beginning of ion irradiation at
doses below 2.5 X 107 ions/m?2. At the higher doses the peak intensity ratio reaches saturation. The lat-
tice disordering rate constant steeply increases for lower mass as ion mass increases, slowly reaching a
saturation value for the higher mass. Ion-mass dependence of the disordering rate is well explained by

the interdefect distance model calculation.

I. INTRODUCTION

There have been many investigations on ion-irradiated
graphite, since it is one of the most fascinating materials
for applications to semiconductors! or first wall of fusion
devices.>® However, disordering kinetics under ion irra-
diation has not been well understood. We report here
ion-mass effects on the lattice disordering kinetics of
graphite under low-energy rare-gas ion (He*, Ne™, Ar™,
Kr™, and Xe") irradiation studied by real-time Raman
measurements.

Raman spectroscopy has been widely used for studying
lattice disorder in ion-irradiated materials, such as III-V
semiconductors and carbon materials, since Raman
scattering is sensitive to both structural disorder and the
resultant radiation damage, which normally occurs
within the optical skin depth of a laser beam. Since the
measurement by Smith et al.* on graphite irradiated with
Ar™, graphite irradiated with various ions has been stud-
ied by Raman spectroscopy. Raman scattering of graph-
ite is especially sensitive to its structural disorder. While
single-crystal graphite or highly oriented pyrolytic graph-
ite (HOPG) exhibits a sharp line of Raman active Ey
mode lattice vibration at ~1580 cm ™! (G peak) in the
first-order Raman spectrum, disordered graphite exhibits
an additional peak at ~1360 cm ! (D peak) arising from
a strong maximum in the phonon density of states. It is
well known that the relative intensity ratio (R) of the D
peak with respect to the G peak is inversely proportional
to an inplane microcrystalline size and/or an in-plane
phonon correlation length (L,).>”7 In addition, a broad
asymmetric line at ~ 1500 cm ™! has been observed for a
highly disordered graphite and/or an amorphous carbon.
Elman et al.®° studied Raman scattering of crystallite
graphite implanted with 100 keV !B ions at a fluence in
the range of 1X 10'® to 2.5X 10% ions/m?, and found that
an abrupt transformation to an amorphous structure oc-
curred at 5X10' ions/m? The spectrum for the sample
implanted at a fluence of 1X 10'® ions/m? already exhibit-
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ed a long-range disordered feature before the amorphiza-
tion.

Using Raman spectroscopy, a surface structural
change can be measured in situ during ion irradiation.
Recently Nakamura and Kitajima'®~!? studied an early
stage of ion irradiation prior to amorphization by real-
time Raman measurements of HOPG samples irradiated
with low-energy rare-gas ions (He™ and Ar™) at a flux of
3X10" ions/m% in an ultrahigh vacuum (UHYV)
chamber. They showed that the peak intensity ratio R
increased as irradiation time increased and it was propor-
tional to the square root of the ion irradiation time. The
results were explained in terms of reduction of the pho-
non correlation length using the interdefect distance
(IDD) model, i.e., where the phonon correlation length is
assumed to be equal to a mean distance between vacan-
cies induced by ion irradiation. Considering damage
profiles, they found that the disordering rate of the
graphite lattice by Ar* irradiation is larger than that by
He" irradiation. In this paper, we extended the prior
study to other rare-gas ions (Net, Kr*, and Xe™) and
quantitatively investigated the ion mass dependence of
the disordering rate for all rare-gas ion irradiation.

II. EXPERIMENT

The sample used was HOPG (grade ZYA; Union Car-
bide) with its size being 12X 12X2 mm?. The sample was
cleaved before each measurement by the adhesive tape
technique to obtain a clean crystalline surface. Ion irra-
diation was performed in a UHV chamber (base pressure
<1078 Pa) with an ion energy of 3 keV. Incident angle
of the ion beam was set to be 55° from the ¢ plane normal
to avoid ion channeling. Sample current was monitored
with a digital multimeter (TRS6848 ADVANTEST), and
ion flux was determined via correction of the secondary
electron emission. Secondary electron emission
coefficients of graphite for each ion irradiation were
determined experimentally using an Ag-deposited semi-
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spherical cup which covers the sample and collects secon-
dary electrons emitted from the graphite surface. Ion
fluxes were 1.7 X 10'° ions/m?s (high flux) and 2.7 X 10'*
ions/m? (low flux). Total ion doses were below
2.6X 10" jons/m? in which graphite loss due to sputter-
ing is negligible. Incident illumination at 514.5 nm and
500 mW was provided using a cw argon ion laser (Model
INNOVA 70, Coherent). Laser annealing effects were
not recognized under the present experimental condi-
tions. Scattered radiation was collected through a sap-
phire window of the vacuum chamber in the backscatter-
ing configuration and analyzed by a spectrometric mul-
tichannel analyzer (SMA; D/DISA 700 Princeton Instru-
ments Inc.). The SMA has 700 channels and detects to a
width of about 400 cm ~ L. Its gate time was set at 12 s to
obtain intense signals (about 360 times the accumulation
of the minimum resolution of 33 ms). Details of the ex-
perimental setup are described elsewhere.!*!3 The resul-
tant Raman spectra were analyzed with numerical
decomposition by assuming a Lorentzian line shape for
all peaks.

II. RESULTS

Figure 1 shows a typical example of the first-order Ra-
man spectra of HOPG under 3 keV Ne™ irradiation at
the low flux condition. Only the Raman active E,,,
mode vibration peak is observed at ~ 1580 cm ™! (G) be-
fore ion irradiation [Fig. 1(a)], since HOPG has large
crystalline domains. Ion irradiation has induced a peak
at 1360 cm ! (D) as shown in Figs. 1(b)-1(d). The solid
curves are Lorentzian curve fittings and reproduce well
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FIG. 1. First-order Raman spectra of HOPG (a) before ion
irradiation, and obtained under Ne™* irradiation after (b) 100 s,
(c) 500 s, (d) 1200 s from the beginning of irradiation of 3 keV at
a flux of 2.7X 10" ions/m?. Solid curves are the results of
computer simulation.

the observed spectra. Significant peak shift was not ob-
served for both G and D peaks. As the irradiation time
increased, the peak height of the D peak increased and
that of the G peak decreased. An amorphous peak was
not observed at 1500 cm~!. This means that ion irradia-
tion does not cause amorphization in this ion dose region.
Similar features were observed for Ne™, Kr™, and Xe*
for both the high and low flux conditions.

Figure 2 shows the time dependence of observed peak
intensity ratio R versus the square root of time during 3
keV Ne*t, Kr*, and Xe™" irradiation, where the peak in-
tensity is the integrated area of the peak. In the low flux
experiments [Figs. 2(a)-2(c)] R, increases as propor-
tionally to the square root of the irradiation time. A
slope of R, versus the square root of irradiation time
decreases with increasing ion mass. In the high flux ex-
periments [Figs. 2(d)-2(f)], R, is also proportional to
the square root of irradiation time for irradiation time
less than 150 s (a total dose below about 2.5X10'
ions/m?). The initial increasing rate of R for the high
flux experiments is higher than that for the low flux ex-
periments. However, for the same fluence, R, values
are independent of ion flux. R, reaches saturation at
around 150 s, and the saturated R, values are depen-
dent on ion species: ~0.75, ~0.5, and ~0.35 for Ne*,
Kr", and Xe™ irradiation, respectively.

Figure 3 shows the time dependence of linewidth of the
G and D peaks during 3 keV Ne' irradiation. The
linewidths of the D peaks are larger than those of the G
peaks. A slight increase in linewidth of the G peak and a
drastic increase in that of the D peak were observed dur-
ing irradiation. In the high flux experiment, linewidth in-
creases rapidly from the beginning of ion irradiation and
rate of increase declines at around 150 s for both the G
and D peaks, which may correspond to the saturation of
R. Similar behaviors of the change in linewidth were ob-
served for Kr* and Xe™ irradiation.

0.8, T T T T T
(a) (b) (c)
o-
. o u
=
S 0.4f o of 1+ Fls
& . o NN >~
) . % o .
§ % 1t o0 “f.“
.
. . [
& ol by , ® PY o
2 0 10 20 0 10 20 0 10 20
=
o
= 0.8, T T e T T
2 @ - o © ®
i r o7, .'..‘ 1r
3 s ¢ ‘e P o
& 0.4 L ir .‘.’ o® o 1} o’ o o
* %ee ¢ :..". ‘e '."o
® It 4k )
L]
. )
ola I Py L L 1 @ L L
0 10 20 0 10 20 0 10 20

Time (sec!?)

FIG. 2. Time dependence of observed peak intensity ratio
R, plotted vs square root of the ion irradiation time for (a)
Net, (b) Kr*, and (c) Xe™ at a flux of 2.7 X 10'* ions/m?s and
for (d) Ne ", (e) Kr™, and () Xe™ at a flux of 1.7 X 10"* jons/m?s.
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FIG. 3. Time dependence of linewidth of the G(@) and D(0O)
peaks under 3 keV Ne™* irradiation at ion fluxes of (a) 2.7 X 10"
ions/m?s and (b) 1.7 X 10"* ions/m?s.

IV. DISCUSSION

Since the optical skin depth of 514.5 nm light in graph-
ite is usually larger than an ion trajectory of ion irradia-
tion, the observed Raman spectrum is made up of the su-
perposition of scattering from both damaged and non-
damaged layers.!! It is then important to estimate contri-
butions from damaged layers to study the actual ion irra-
diation effects. Cascade processes caused by irradiation
produce a disordered region around an ion trajectory,
and the Raman spectrum exhibits a double-peaked spec-
trum. Damaged profiles due to ion irradiation are not
uniform. The damage depth distribution due to ion irra-
diation can be calculated using a Monte Carlo method
(TRIM89 code)'* and is well approximated by a Gaussian
function. The peak position and the standard deviation
of the Guassian function become smaller as the ion mass
increases. 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 inten-
sity ratio, R, is given by

R PA

8mm

ohs = ) 0°°F(x)exp( —8rmx /\)dx 1
where P is the whole range of energy deposition, m is the
optical parameter (0.9 for carbon material), A is the wave
length of exciting light, x is the depth, and F(x) is the
normalized depth profile of the damaged layer.'°® We
corrected R, to the mean actual relative peak intensity
ratio R, and plotted it versus the square root of the irra-
diation time. Comparing R, (Fig. 2) and R, (Fig. 4),
the peak intensity ratio of the damaged area is much
larger than the observed one. The slope of R, is smaller
in the Ne™ case than in the Kr* and Xe™ cases.

Tuinstra and Koenig® obtained an empirical relation
R =C/L,, where L, is the in-plane microcrystallite size
in graphite and C is 4.4 nm. L, is considered to corre-
spond to the in-plane phonon correlation length. An in-
crease in R means an increase in the D peak and a de-
crease in the micryocrystallite size or phonon correlation
length in the graphite plane.” We adopt here the IDD
model'®!! which describes well the time dependence of R
for He™ and Ar™ irradiation. In the IDD model it is as-
sumed that the in-plane phonon correlation length is
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FIG. 4. Actual peak intensity ratio R, for (a) Ne*, (b) Kr™*,
and (c) Xe™ at a flux of 2.7 X 10'* ions/m?s and for (d) Ne*, (e)
Kr*, and (f) Xe™ at a flux of 1.7 X 10"* ions/m?s. Solid lines are
the results of least-squares calculation.

equal to the mean distance (L) between vacancies in the
graphite plane induced by ion irradiation. The increase
in the D peak is explained by a contribution from the
maximum of the phonon density of states due to relaxa-
tion of wave vector selection rule. The defects cause a
confinement of phonon correlation and a relaxation of the
wave vector selection rule (see Appendix A).

In general, the mean number of vacancies (N ) per unit
area in a graphite layer in the ion penetration range is
calculated by

N, =Nfovet , (2)

where N is the density of target (1.25 X 10%° atoms/m? for
graphite), f is the distance between graphite layers (0.335
nm), o is the displacement cross section, @ is the incident
ion flux, v is the mean number of displaced atoms in the
cascade per primary knock-on, and ¢ is the irradiation
time. Both o and v depend on ion mass and ion energy
(see Appendix B). The mean actual relative intensity ra-
tio is expressed, based on the IDD model, by

R=C(Nfov)"X(@t)*=a . (@t)?, 3)
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FIG. 5. Ion mass number dependence of disordering rate:
(O) experimental value, (@): calculated value by Eq. (3).
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TABLE I. Calculated displacement cross sections, damage functions, and disordering rate constants
obtained by experiments and interdefect distance model calculation for He™, Net, Ar", Kr*, and Xe™.

Ion v o (102! m?) Qgps (107° m/ions'’?) Qeate (107° m/ions'’?)
He™ 2.32 1.25 1.3+0.1 1.53
Ne™ 2.43 4.59 2.6+0.3 3.01
Ar? 2.29 7.12 2.94+0.8 3.64
Kr* 2.05 11.1 3.8+0.5 4.30
Xe* 1.87 14.1 4.1+0.6 4.62

where a_,. is the disordering rate constant. An experi-
mental value ag, of the disordering rate constant is also
estimated from the gradient of R to ion dose. Figure 5
shows a comparison of a,. and ag, plotted versus ion
mass. In the low mass region, experimental values of the
lattice disordering rate increased steeply as the ion mass
increased, slowly reaching a saturation value in the high
mass region. The calculation reproduces this tendency
and the values are consistent with experimental values.
All parameters used for the calculation and experimental-
ly obtained values are listed in Table 1.

R, increased proportionally with the square root of the
irradiation time until ~150 s [Figs. 4(d)-4(f)], and after
that time it approached saturation values being about
1.25, 1.3, 1.4, and 1.5 for Ne™, Ar™, Kr*, and Xe™ irra-
diation, respectively. Table II shows the critical ion dose
at which R, starts to deviate from its square root relation
to the irradiation time. The critical ion dose is
~2.5% 10" ions/m?, and the doses for Ne™ irradiation
are larger than for Ar*, Kr*, and Xe™ irradiation. The
corresponding critical defect density estimated by Eq. (2)
increases as the ion mass increases (Table II). There are
two possible reasons for the saturation of Ry: (1) creation
of vacancy clusters and (2) breakdown of the relation be-
tween the peak intensity ratio and the phonon correlation
length. At high ion doses, the vacancy density becomes
so high, and the vacancies aggregate together. When va-
cancies aggregate and create clusters, the effective dis-
tance between the vacancies increases. The empirical re-
lation between the peak intensity ratio and the phonon
correlation length has been established only for large
L,.>% Since the D peak comes from a maximum of the
phonon density of states due to relaxation of the wave
vector selection rule, the peak intensity ratio should ap-
proach a finite value for very small L,.

In conclusion, real-time Raman measurements have
been performed on graphite under 3 keV rare-gas-ion ir-

TABLE II. Critical ion dose at which R, starts to deviate
from the square root relation to the irradiation time and the
critical vacancy density.

Ion dose Vacancy density
Ion (10" ions/m?) (107 vacancies/m?)
Ne™ 2.610.4 1.21+0.19
Ar* 2.0+0.5 1.36+0.34
Kr* 2.1+0.4 2.00+0.38
Xe™* 2.1+0.4 2.3210.54

radiation. The peak intensity ratio was proportional to
the square root of the ion irradiation time in the begin-
ning of ion irradiation for doses below 2.5 X 10'7 ions/m?.
The disordering rate constant increases as ion mass in-
creased. The ion mass effect on the disordering rate is
well explained by the interdefect distance model calcula-
tion.

APPENDIX A: RELAXATION OF WAVE VECTOR
SELECTION RULE

Here we show the relaxation of the wave vector selec-
tion rule in graphite which includes defects, based on the
spatial correlation model.”>”!7 The wave function of a
phonon with wave vector kg in an infinite crystal is ex-
pressed with the plane wave

d(ko,r)=u(ky,rlexp(—ikyr) , (A1)

where u (k,r) has a periodicity of the lattice. In a crystal
which includes a small number of defects, the phonon
plane wave is scattered by the defects. If we assume an
attenuation probability (W) of a phonon with wave vector
k, and propagation direction of r in a single collision, the
intensity of the phonon wave after n collisions with de-
fects is W”. When we consider that the distribution of
defects is uniform and that the separation of defects in
the r direction is L, the number of collisions of the pho-
non wave (k,) over a distance r is ¥ /L. The wave func-
tion of a phonon in a crystal with defects is expressed as
P(kg,r)=exp

:iiln(l/m u(ko,r)exp( —ikyT)

=v'(kg, r)u(k,r)

This corresponds to the attenuation of the phonon wave
by defects. The wave function 1’ might be expanded in a
Fourier series:

(A2)

¥'(ko,1)= [ Clko,k)exp(—ik-r)dk , (A3)
where the Fourier coefficients C(kg, k) are given by
Clkok)=—— [ #/(ko,r)explik-T)d’r . (Ad)
(27)
Inserting ¢ from Eq. (A2) into Eq. (A4) yields
Clkok)=— 2 : (A5)

(27) 1+ T2k —k,)?

where
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L

T=aa,w -

(A6)

Thus ¢ is the superposition of eigenfunctions with k vec-
tors with Lorentzian distribution with width of 2/T" cen-
tered at k,. The phonon transition matrix elements
| {ko|O |k )|? have nonvanishing values also for k#k ac-
cording to

[{kolO k) 1>=]{ko|O ko) IC(k, k), (A7)
where O is the photon-phonon interaction operator. The
attenuation of the phonon is in effect a relaxation of the
Ak =0 selection rule. Using the relaxation of the wave
vector conservation rule, the one phonon Raman spec-
trum is expressed by

A
1+ Ao—wyk)]* ’

I(@)< 3 Clko,k)2g[wg(k)] (A8)
k

where A is the linewidth of each transition and g[w(k)] is
the phonon density of states. Since the phonon density of
states'® has a maximum at ~1360 cm~!, the Raman
spectrum of graphite with defects shows the D peak.
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APPENDIX B: DISPLACEMENT CROSS SECTION

The displacement cross section is calculated by the Sig-
mund theory'>?° by

0=1.9635a%m, /m,)"/*(2z,2,e?/a)*">

XEGVIE;V3-T 1), (B1)

max

where a is the screening radius, E, the incident ion ener-
2¥, Ty the maximum of the transferred energy, e the
electronic charge, E; the threshold energy for displace-
ment, and m,, z,, m,, and z, the masses and atomic
number of the projectile and target, respectively. The E,
is determined to be 29.7 eV by the etch-decoration tech-
nique.?! T, is given by

Tmax=4mlm2E0/(ml+m2)2 . (BZ)

The mean number of displaced atoms in the cascade per
primary knock-on v can be calculated by a simplified

model of the Kinchin-Pease theory,*?
v=0.5[1+1n(T g, /2E,)] . (B3)

Then both o and v values are dependent on the incident
ion energy E, and the ion mass m .
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