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Abstract
UV–visible absorption and Raman scattering spectroscopy were used to
investigate the effects of 4 MeV Xe-ion and 4 MeV Au-ion irradiations on
α-SiC single crystals. The evolution of transmission spectra upon irradiation
evidences an increase of the optical absorption. The optical band-gap energy
decreases versus fluence, which is linked to band-gap closure attributed to the
creation of localized states into the forbidden energy band. A strong effect of the
irradiation temperature is observed as a result of dynamic annealing enhanced
by the temperature increase. The Urbach energy increases versus fluence due
to disorder accumulation in the damaged layer. Comparison of Urbach energy
and disorder parameters extracted from Raman spectra shows that the Urbach
energy is sensitive to the disorder induced by the accumulation of point defects.

1. Introduction

Silicon carbide (SiC) is widely studied in particular for its potential nuclear applications. In
this context, experimental and theoretical efforts have contributed, in the last decades, to the
understanding of irradiation-damage processes in SiC essentially at low temperature [1, 2].
Although the wide band gap of SiC allows operation at elevated temperatures, data on the
creation of radiation damage at high temperature are still limited and scattered.

The influence of damage accumulation on structural and energetic properties is not easily
determined by techniques such as Rutherford backscattering spectroscopy and transmission
electron microscopy [3–6]. By contrast, non-destructive spectroscopic methods [7–12] give

6 Author to whom any correspondence should be addressed.

0953-8984/06/378493+10$30.00 © 2006 IOP Publishing Ltd Printed in the UK 8493

http://dx.doi.org/10.1088/0953-8984/18/37/008
mailto:jean-marc.costantini@cea.fr
http://stacks.iop.org/JPhysCM/18/8493


8494 S Sorieul et al

Figure 1. Sketch of the variations of the total disorder versus the chemical disorder induced by
irradiation with Au and Xe ions [19]. Definition of the three stages of amorphization according
to Zhang et al [22]: stage I corresponds to point defect production, stage II is the growth and the
coalescence of amorphous domain, stage III is the amorphization.

selective information on defect formation and associated structural transformations, and can
detect some aspects of the transformation between the crystalline and amorphous state. UV–
visible spectroscopy can be used to follow the damage accumulation and it allows the study of
relevant optical properties of SiC. Irradiation induces point defects that increase the absorption
and the refractive index of the material. Furthermore the optical band gap decreases as a
consequence of defect accumulation [13–18].

Raman spectroscopy data have recently given unique information on the structural
transformations operating during the irradiation of α-SiC [19]. For low fluences, the overall
sp3 bond structure and the chemical order may be almost completely conserved. Increasing
fluence induces a progressive destruction of α-SiC and the appearance of several new Si–Si,
Si–C, and C–C bands. The amorphous state, observed at the highest irradiation fluences, shows
a strong randomization of the Si–Si, Si–C and C–C bonds without evidence of sp3 modes.

A total disorder parameter may be defined by the structure dependence of Raman spectra
of SiC. The total disorder parameter corresponds to the integrated area under the α-SiC
first-order modes in the irradiated sample normalized to the value (Acryst) in pure α-SiC
(Anorm = A/Acryst) [20]. A chemical disorder parameter (χ) is defined by the relative intensity
of Si–C and C–C modes taken as an approximation of the concentration of the corresponding
bonds [21]. The TO-phonon line at 766 cm−1, which remains in highly damaged samples, and
the mode at 1420 cm−1 were used to quantify Si–C and C–C bonds, respectively.

Total and chemical disorder parameters are correlated and change as a function of defect
concentration. The chemical disorder parameter is a sensitive indicator of each step of the
amorphization process proposed by Zhang et al [22]. Three stages were thus defined. The
first stage (χ < 0.1) corresponds to the formation of isolated defects. In the second stage
(0.1 < χ < 0.3), the disordering rate is enhanced and associated to defect-stimulated
amorphization that leads to the growth of amorphous nuclei and coalescence of amorphous
domains. The third stage (χ > 0.3) is attributed to the amorphization of the irradiated layer
and the eventual formation of a continuous amorphous layer (figure 1) [19].

Raman spectroscopic data of α-SiC irradiated at high temperature indicate that increasing
the irradiation temperature induces numerous effects on the α-SiC structure and disorder
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accumulation. Higher temperatures stabilize a disordered/distorted state and induce a
slackening of the disorder production (total and chemical disorders) due to the enhancement
of dynamic annealing.

We therefore focused on the irradiation temperature effects on the UV–visible spectroscopy
data of single-crystal α-SiC irradiated with heavy ions. We show that the irradiation
temperature is an important parameter, as a result of the enhancement of dynamic annealing
with increasing temperature. The optical data give access to band-gap and Urbach energies.
The Urbach energy increases with the irradiation dose due to a disorder accumulation in the
damaged layer, as evaluated from disorder parameters derived from Raman spectroscopy.

2. Experiments

Hexagonal 6H- and 4H-SiC single-crystal wafers (thickness 500 μm) grown by the Lely
method were prepared in the LETI Laboratory (CEA Grenoble, France). The normal to the
surface was respectively around 3◦ and 8◦ off the [00.1] orientation. Samples were doped with
nitrogen in the range 1018 cm−3. We used both polytypes of α-SiC since it is known that
6H- and 4H-SiC have a similar behaviour upon irradiation.

6H-SiC samples were irradiated with 4 MeV Au ions at room temperature (RT) and at
400 ◦C at the ARAMIS facility (Orsay). The temperature of 400 ◦C is a key value because
it is well above the critical temperature of amorphization [6] but low enough to expect some
radiation damages despite dynamic annealing induced by the increased temperature. 4H-SiC
samples were irradiated with 4 MeV Xe ions at 400 ◦C at the PHASE facility (Strasbourg,
France). Similar conditions of irradiation were done in order to check the possible chemical
effect of Au ions during irradiation. Fluences were varied from 1012 to 1016 cm−2 and the beam
current density was maintained in the range 0.1–2 μA cm−2 in order to avoid high dose-rate
effects and excessive target heating.

Irradiation parameters were calculated using the SRIM-2003 code. Ion fluences were
converted to their equivalent doses of displacements per atom (dpa) based on the SRIM-
2003 full-cascade simulations [23], with a specific gravity of 3.21 × 103 kg m−3 and the
recommended threshold displacement energies of 20 and 35 eV for C and Si sub-lattices,
respectively [24, 25].

RT transmission spectra were recorded using a double beam Cary Vary 5G spectrometer
in the 200–2000 nm wavelength range. The spectral resolution varied from 1 nm in the UV
region to 3.5 nm in the near-infrared region.

3. Results

3.1. Evolution of the absorption spectra upon irradiation

Transmission spectra of un-irradiated SiC are characterized by a dramatic cutoff at about
300 nm, corresponding to the band-gap energy, and a continuous decrease of the transmission
in the near-infrared range, due to phonon-assisted absorption. In addition, our sample displays
an absorption band around 600 nm, arising from nitrogen-associated defects [26]. The
transmission spectra of α-SiC irradiated by Au ions at RT show a dramatic evolution as a
function of the irradiation dose (figure 2(a)). Together with a progressive decrease of the
transmission, the fundamental absorption edge shifts towards higher wavelengths, as observed
for ion-irradiated SiC [15, 18, 26, 27]. The defect-related absorption band in the visible range
is progressively hidden by the red shift of the UV cutoff.
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Figure 2. (a) Transmission spectra of Au-ion irradiated 6H-SiC at room temperature for various
doses. Absorption coefficient variations versus energy (b) for Au-ion irradiated 6H-SiC at RT (c) for
Au- and Xe-ion irradiated 4H-SiC at 400 ◦C.

The absorption coefficient α is usually derived from an expression based on the Beer–
Lambert law:

T = (1 − R)2 exp[−αd]
1 − R2 exp[−2αd] , (1)

where R is the reflectivity, α is the absorption coefficient, and d is the thickness of the irradiated
layer (d = 0.6 and 1 μm for Au ions and Xe ions, respectively) [28]. However, equation (1) is
only valid in a homogeneous medium. Although the dose is deposited in a heterogeneous way
in the sample, we assumed that it can be applied as a first approximation.

Owing to the finite thickness of the damaged layer, another expression based on a two-layer
model was also considered [29]:

T = (1 − Ri )(1 − Riv)(1 − Rv) exp[−αvdv] exp[−αi di ], (2a)

with:

R = (n − 1)2

(n + 1)2
, (2b)

where Ri , Riv , Rv are the reflectance of the air/damaged layer, damaged layer/bulk SiC and
SiC/air interfaces, αi and αv are the absorption coefficient of the damaged and crystalline
silicon carbide, di and dv are the thickness of the damaged layer and bulk SiC, and n is the
refractive index.
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The absorption coefficient αv is derived from the transmission spectrum of a non-irradiated
SiC sample using equation (1). The refractive index n is assumed to be the same (≈2.55) in
damaged and undamaged SiC, in agreement with [26]. Therefore, the reflectivity was assumed
constant upon irradiation, which implies Rv = Ri = R. The reflectivity value deduced from
equation (2b) is close to 0.2. Furthermore, we assumed that Riv is close to zero, like Musumeci
et al [29].

The absorption coefficient continuously increases as a function of photon energy, in the
visible and near-UV range (figures 2(b) and (c)). Our data confirm that the UV absorption
edge of SiC shifts towards lower energies with irradiation, as noticed with other irradiation
conditions [14, 18, 26, 30]. The absorption coefficient increases by three orders of magnitude
for the highest doses, owing to the accumulation of optically absorbing irradiation-induced
centres.

The irradiation temperature has a strong influence on the absorption coefficient, which
decreases with increasing temperature (figure 2(c)). This confirms the temperature dependence
of the efficiency of radiation-induced defect production in SiC [1, 2]. Optical data demonstrate
a simultaneous recovery of defects produced during ion irradiation, due to close-pair
recombination and long-range migration of point defects. The difference between data of Xe-
ion and Au-ion irradiations are due to the different optical behaviour of both polytypes.

High photon energies give rise to electronic transitions between extended states of the
valence and conduction bands. The absorption edge defines the optical band-gap energy Eg.
Just above the Tauc region, the energy dependence of the absorption follows an exponential
form. This region is defined as the Urbach edge, and is attributed to the electronic transitions
from localized states in the band tails to the extended states.

3.2. Optical band gap

The optical absorption coefficient for an indirect gap is given by the Tauc equation (for
α > 104 cm−1) [32]:

α × h̄ω ∝ (h̄ω − Eg)
2, (3)

where Eg is the optical band-gap energy and h̄ω is the photon energy. The value of Eg is
obtained graphically by a graphical extrapolation and by a fit of the straight-line portion of the√

α × h̄ω = f (h̄ω) curve for 3.0 � h̄ω � 3.2 eV for 6H-SiC, or 3.0 � h̄ω � 3.9 eV for 4H-
SiC. Taking α-values derived from equations (1) and (2), the evolution of the optical absorption
spectra indicates that the optical band-gap energy decreases as a function of the irradiation dose
down to a saturation level (figure 3). In electron- [33] and ion-irradiated SiC [18, 26, 27, 30],
similar variations were assigned to the formation of localized levels located near the gap edges
and induced by the accumulation of radiation defects. The presence of saturation in samples
irradiated at RT has been correlated to the formation of an amorphous buried layer [15, 29].

The band-gap decrease follows an exponential law such as

Eg = y0 + E0
g exp(−σ D), (4)

where σ is the ‘cross-section’ of the process (in dpa−1), D is the dose (in dpa), y0 is a constant
and E0

g is the saturation value [27]. The cross-section values are 7.93, 0.07 and 7.38 dpa−1 for
Au-ion irradiation at RT and 400 ◦C, and Xe-ion irradiation at 400 ◦C, respectively. As reflected
by the cross-section values, the irradiation conditions have a drastic effect on the optical band-
gap closure. Increasing the irradiation temperature decreases the cross-section by two orders
of magnitude. At the same time, the band-gap closure is more progressive (figure 3), owing
to close-pair recombination and thermally assisted long-range migration of point defects. The
Xe-ion irradiation at 400 ◦C show a more limited temperature effect and the cross-section is
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Figure 3. Optical band-gap energy versus dose for 4 MeV Au-ion irradiated 6H-SiC at RT and
400 ◦C and for 4 MeV Xe-ion irradiated 4H-SiC at 400 ◦C. Dashed and dash–dotted lines represent
least-squares fits to an exponential decay for RT and high-temperature irradiations, respectively.

almost as high as those obtained for RT irradiation. This might come from chemical effects
which were not observed by Raman spectroscopy [19].

3.3. Urbach edge

Below the band-gap edge, the sub-gap exponential absorption corresponds to the Urbach
edge [31]:

α ∝ exp

(
h̄ω

Eu

)
, (5)

where Eu is the Urbach energy which accounts for the distribution of the energy of the localized
states in the valence band tail for 1.5 � h̄ω � 3.0 eV for both polytypes. Urbach edges were
already observed for crystalline and amorphous semiconductors like Si [34, 35] and SiC [26].
The Eu energy may be determined from the ln(α) = f (h̄ω) curve by a fit of the straight-
line part of the curve. Least-squares fits were performed on absorption curves deduced from
equations (2) and (3) and the average value was taken as the Eu energy.

The Urbach energy increases versus dose following an exponential law and reaches a
saturation state at around 0.03 dpa for the RT irradiation (figure 4). The increase of the Urbach
energy is in general associated to increasing disorder which creates localized states within the
band tails of electronic states, and induces a broadening of Urbach tails [31, 32, 35–37].

The irradiation of SiC by heavy ions at high temperature is characterized by a reduction
of defect accumulation with increasing irradiation temperature [39, 38]. The Urbach energy
should therefore be lower for irradiations at high temperature than at RT. It is clearly not the
case here since the Eu energy determined for high-temperature irradiation is at least as large
as for RT irradiation. An increase of the irradiation temperature leads to the formation of
extended defects as stacking faults, dislocation loops [40, 41], and vacancy clusters [42, 43],
which are produced by interstitial migration and aggregation. Because of the accumulation of
extended defects, a non-negligible structural disorder is detected by Raman spectroscopy [19].



Study of damage in ion-irradiated α-SiC by optical spectroscopy 8499

Figure 4. Urbach energy for 4 MeV Au-ion irradiated 6H-SiC at RT and at 400 ◦C, and for 4 MeV
Xe-ion irradiated 4H-SiC at 400 ◦C. Dashed line represents least-squares fit to an exponential
growth for the RT irradiation.

This induced disorder may be the origin of the high Urbach energy value. Similar high values
of the Eu energy are obtained for Xe irradiation (figure 4).

4. Discussion

4.1. Extinction and absorption coefficients

Some authors claimed [44] that there is a discrepancy between the absorption coefficient
derived from UV–visible absorption spectroscopy and that extracted from the depth profiling of
the first-order Raman line intensity using a confocal microprobe setup at 514.5 nm. They
attributed this discrepancy to damage effects. However, it is not possible to compare the
optical absorption coefficients extracted from Raman spectra with those derived from the Beer–
Lambert law, because the two coefficients arise from different optical processes. The value
deduced from our Raman spectra [19] corresponds to the extinction coefficient κ , defined as
the sum of the absorption coefficient α and the scattering coefficient σ (i.e. κ = α + σ ). In
order to determine the extinction coefficient κ , the average intensity of the first-order Raman
lines (767, 788, 796 and 966 cm−1 for 6H; 777, 797 and 967 cm−1 for 4H) was plotted with
z scan depth. The coefficient κ was extracted from the decreasing part of the intensity curves
taking into account the value of the extinction coefficient of the virgin part of the sample. The
expression was the following:

I = I0e−κz. (6)

The coefficient κ increases with the absorption coefficient α up to a saturation step
(figure 5). The direct correlation between the two optical coefficients confirms the assumption
of a decrease of the Raman intensity due to the enhancement of absorption processes by
irradiation [1, 45]. The correlation seems to be independent of the irradiation temperature.
Xe-ion irradiation gives rise to a different evolution of the optical coefficients. This different
behaviour may be attributed to chemical effects.
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Figure 5. Extinction coefficient κ as a function of the absorption coefficient α for Au-ion irradiated
6H-SiC at room temperature and at 400 ◦C and Xe-ion irradiated 4H-SiC at 400 ◦C. The straight
line corresponds to a least-squares fit to a sigmoid curve. The dashed line is used as a guide for the
eyes.

Figure 6. Urbach energy versus total disorder (in black) and chemical disorder (in grey). Both
disorder parameters were deduced from Raman spectra for Au-ion irradiated 6H-SiC at room
temperature and at 400 ◦C and Xe-ion irradiated 4H-SiC at 400 ◦C. Straight lines represent least-
squares fits to an exponential growth. The dashed line is used as a guide for the eyes.

4.2. Use of the Urbach energy as a disorder indicator

Rutherford backscattering spectroscopy (RBS/C) is generally used for the study of disorder
in silicon carbide [22, 46, 47]. More recently, Raman spectroscopy was also proposed as
a good tool for the study of disorder accumulation in irradiated SiC [19, 20]. Figure 6
represents the variations of the Urbach energy as a function of the operational parameters
derived from the Raman spectra, total disorder parameter and chemical disorder parameter,
(black and grey symbols, respectively). For RT irradiation, the Urbach energy increases versus
both total disorder and chemical disorder (figure 6). However, Eu saturates instantaneously
as chemical disorder appears after Au-ion irradiation at RT and 400 ◦C. The corresponding
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Raman spectra show that the saturation is reached for a for chemical disorder parameter larger
than 0.1 (i.e. when homonuclear bonds are formed). The three stages of the amorphization
process presented on figure 1 were observed for Au- and Xe-ion irradiated samples.

The Urbach energy increases only during stage I of amorphization (figure 1) and then
saturates. This suggests that the Urbach energy corresponds to disorder produced by the
accumulation of radiation point defects. Through analyses of Urbach edges, information on
the accumulation of disorder induced by radiation defects can be obtained whereas it cannot be
reached by Raman spectroscopy.

5. Conclusions

UV–visible absorption and Raman scattering spectroscopy were used to investigate the effects
of heavy-ion irradiations on α-SiC single crystals. The evolution of transmission spectra upon
irradiation evidences an increase of the optical absorption and a shift of the fundamental
absorption edge to larger wavelengths. Analysis of optical absorption curves allows the
determination of the optical band-gap Eg and Urbach Eu energies. The optical band-gap energy
decreases versus dose, which is linked to a band-gap closure. This closure is attributed to the
creation of localized states into the forbidden energy band. A strong effect of the irradiation
temperature was observed as a result of dynamic annealing enhanced by the temperature
increase. The Urbach energy increases versus dose due to a disorder accumulation in the
damaged layer. The comparison of Urbach energy and disorder parameters extracted from
Raman spectra showed that the Urbach energy is sensitive to the disorder induced by the point
defect accumulation, which corresponds to the first step of the amorphization process. Besides,
the Urbach energy saturates whatever the irradiation conditions.
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