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A B S T R A C T   

The effect of the proton irradiation dose on thermal transport anisotropy, free carrier density, and defect for
mation in 4H-SiC is studied by thermal wave scattering and infrared spectroscopy. Thermal waves are generated 
by infrared laser pulses, and the in-plane and cross-plane thermal diffusion length are measured using the 
deflection of a laser probe beam due to the mirage effect. The effect of proton irradiation dose on in-plane and 
cross-plane thermal diffusivity is measured as a function of depth. Proton irradiation is shown to cause significant 
damage primarily in the direction perpendicular to the sample surface. Irradiation-induced free carriers 
contributing to heat transport in the sample plane are revealed by Kramers-Kronig analysis of the infrared 
reflectivity spectra of the studied samples. Measurements of thermal diffusion lengths in the irradiated samples 
are converted to depth profiles of defect density. It is shown that the highly damaged zone in irradiated 4H-SiC 
thickens and approaches the proton reaching depth with increasing the irradiation dose. Thermal wave scattering 
complemented by infrared spectroscopy is proposed as an effective approach for the directional analysis of 
irradiation-induced changes in physical and structural properties of materials.   

1. Introduction 

Silicon carbide (SiC) crystallizes in many structures called polytypes. 
The 4H-SiC polytype, which consists of four atomic layers stacked in a 
hexagonal Bravais lattice, has received increased attention because it 
corresponds to a wide-bandgap semiconductor with electrical, me
chanical, and thermal properties suitable for high-power devices oper
ating in harsh environments [1–7], including nuclear reactors [8–10]. 
Extensive research has therefore been conducted on the effects of many 
types of nuclear irradiation on 4H-SiC [11–25]. Proton irradiation of 4H- 
SiC has been of particular interest since it was discovered that proton- 
slicing technology can provide ultra-thin single-crystalline 4H-SiC sub
strates [26–28]. 

Lattice damage due to proton irradiation of 4H-SiC has been exper
imentally detected [29–34], and it is now well known that a heavily 
damaged zone forms near the end of the proton trajectory. However, the 
extent to which proton irradiation changes the physical properties of 
4H-SiC remains unclear. Revealing the properties of proton-irradiated 
4H-SiC is certainly crucial for predicting the performance and lifetime 
of devices based on 4H-SiC material exposed to a given dose of proton 
irradiation. Common experimental techniques used to characterize 
proton-irradiated materials are secondary ion mass spectroscopy (SIMS), 

Rutherford backscatter spectroscopy (RBS), and cross-sectional Raman 
spectroscopy. SIMS and RBS are accurate in measuring the depth profiles 
of ions concentrations in proton-irradiated samples [35]. Channeling 
RBS and cross-sectional Raman spectroscopy, on the other hand, have 
been widely used to provide a depth profile of the defect density in 
irradiated materials [30–32]. Nevertheless, none of these techniques can 
reveal the crystallographic directions along which defects form and 
measure the effect of proton irradiation on the anisotropy of the physical 
properties of the irradiated material. 

In this paper, we address this issue and perform a directional analysis 
of thermal diffusivity and defect density depth profiles in 4H-SiC sub
strates irradiated with 3 MeV protons with different irradiation doses 
using thermal wave interaction with irradiation-induced defects. Ther
mal waves are generated by a modulated infrared (IR) pump laser beam, 
and the temperature gradient on the surface is detected using the 
deflection of a He-Ne probe beam due to the mirage effect. Then, pho
tothermal spectrum analysis is performed based on a simple model to 
obtain the direction-dependent thermal transport properties and depth 
profiles of the defect density in the measured samples. The IR reflectivity 
spectra of the studied samples are analyzed using the Kramers-Kronig 
theorem to complement the IR photothermal measurements and 
obtain a complete picture of the effect of irradiation dose on the 
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structural and electrical properties of 4H-SiC. The advantage of using an 
IR pump beam comes from the fact that 4H-SiC has a high absorption 
coefficient for IR excitations, allowing for the absorption of a significant 
amount of incident IR light in the surface layers, which is essential for 
locating the depths of the scattering centers. The advantage of IR spec
troscopy, on the other hand, stems from the fact that defects in polar 
materials can be detected through their marked signatures in the IR 
spectrum and that the density of free carriers can be revealed through 
the coupling between plasmon modes and infrared-active longitudinal 
phonon modes. Therefore, the photothermal and IR spectroscopic 
techniques used in the present work are proposed to characterize the 
defects induced below the surface by irradiation and measure their ef
fect on the material properties. 

2. Methods 

Five samples were cut from a commercial n-type c-oriented 4H-SiC 
wafer with electrical resistivity of 0.021 Ω.cm. Four were irradiated 
with 3 MeV protons (H+ ions) at doses of 2.5 × 1015, 5.0 × 1015, 1.0 ×
1016, and 2.0 × 1016 ions/cm2, and one was left intact. The implantation 
of the H+ ions was performed at room temperature and the samples were 
tilted about 7◦ relative to the axis of the ion beam to avoid ion chan
neling effect. Conventional Monte Carlo simulations using the SRIM 
code [36] showed that the depth-concentration profiles of hydrogen in 
the irradiated samples exhibit a narrow peak centered at a depth of 60 ±
5 µm. Thus, as shown schematically in Fig. 1, each of the irradiated 
samples studied in this work consists of an irradiated layer of thickness 
a1 = 60 ± 5 µm separated from an intact 4H-SiC substrate by a zone of 
high H+ ion concentration. 

The anisotropy of the thermal diffusion length in the samples was 
studied using an IR photothermal beam-deflection technique. The 

schematic diagram describing the IR photothermal experiment used is 
shown in Fig. 1. An acousto-optic modulator modulates a 10.6 µm 
wavelength CO2 laser focused on the sample surface. Absorption of the 
incident IR beam by the infrared-active phonon and plasmon modes 
causes periodic local heating and periodic displacement of the surface, 
as well as the generation of rapidly damped thermal waves in the air 
above the heated surface. An incident He-Ne laser probe beam with a 
grazing angle ( 0.5◦ from the sample surface) is reflected off the heated 
surface. The surface displacement only contributes to the longitudinal 
deflection (parallel to the heating beam) of the probe beam. The thermal 
waves generated in the air, on the other hand, give rise to periodic 
gradients of temperature and refractive index capable of periodically 
deflecting the probe beam parallel and perpendicular to the heating 
beam, at the modulation frequency of the infrared heating beam. The 
transverse deflection of the probe beam is thus due solely to the mirage 
effect. The angular deflection of the probe beam is recorded with a four- 
quadrant photodetector whose outputs are amplified with a two-channel 
lock-in amplifier. Readers can find more details about the experimental 
setup in Ref. [37,38]. Then, the in-plane and cross-plane thermal 
diffusion length in the measured sample are obtained as a function of the 
modulation frequency by fitting the measured transverse angular 
deflection of the probe beam to a formalism for the mirage effect 
assuming periodic and anisotropic heating of the sample. For the intact 
sample (a semi-infinite material), it is assumed that periodic heating 
generates a single forward-going thermal wave in the sample. In that 
case, the formalism for the transverse deflection of the probe beam can 
be written as 

Mtrans =
− i
π

1
n

dn
dT

e− q2
gR2

2/4
∫ ∞

0
dk

kgsin(kx)eikghe− k2R2
1/4

(
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) , (1)  

where x is the offset distance between the heating beam and probe 
beam. Here, n is the index of refraction of the air, R1 is the radius of the 
pump beam, R2is the radius of the probe beam above the heated region, 
h is the height of the probe beam from the surface, κ1,z is the cross-plane 
thermal conductivity of the sample, and κgis the thermal conductivity of 
the air. The thermal wavevector in the sample is defined as 

k1 =
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where Lth and Lth,z are the in-plane and cross-plane thermal diffusion 
length. The thermal wavenumber q1depends on Lth,z according to 

q1 = (1+ i)
(

1
Lth,z

)

(3) 

The thermal wavevector in the air is given by kg =
(

q2
g − k2

)1 /

2

, 

where qg = (1 + i)
(
Ω/2αg

)1 /

2 , Ωis the heating beam modulation fre
quency, and αg is the thermal diffusivity of the air. The derivation of Eq. 
(1) is detailed in Refs. [37,38] and in Supplementary Information 1. To 
reduce the number of adjustable parameters, R2 is measured using the 
knife-edge method and R1 is estimated from the photothermal beam- 
deflection theory, which predicts that the maximum of the transverse 
signal amplitude occurs at r = 1.1 × R1 [39]. Moreover, we can notice 
from Eqs. (2) and (3) that Lth,z has almost the same effect on the real and 
imaginary part of the thermal wavevectork1. In other words, Lth,z affects 
the propagation term and the damping term of the generated thermal 
wave in the same way and therefore has no significant influence on the 
amplitude and phase of the transverse signal. Consequently, for semi- 
infinite materials, the photothermal beam-deflection technique is 
insensitive to Lth,z and the only adjustable parameters are R1, h, and the 
in-plane thermal diffusion length Lth. 

For a given modulation frequency Ω, the in-plane thermal diffusivity 
α//is related to Lth by 

Fig. 1. Schematic representation of the proton-irradiated 4H-SiC samples 
investigated in this work and the infrared photothermal beam- 
deflection technique. 
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Lth =

̅̅̅̅̅̅̅
α//

πΩ

√

. (4) 

Thus, the in-plane thermal diffusivity of the intact sample can be 
obtained by measuring Lthfor several modulation frequencies and 
calculating the slope of the straight line passing through origin that best 
fits the measured L2

th as a function of 1/πΩ. 
As mentioned previously, the irradiated samples are considered to be 

formed by an irradiated layer with a thickness a1 = 60 ± 5 µm separated 
from an intact 4H-SiC substrate by a zone of high hydrogen concentra
tion. It is therefore assumed that in the case of irradiated samples, the 
thermal waves generated are backscattered at the interface between the 
irradiated and intact 4H-SiC. When forward-going and backward-going 
thermal waves are taken into account, the formalism for the transverse 
angular deflection of the probe beam takes the form 

M’
trans =

− i
π
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e− q2
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2/4
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The complex constant θ1 describing the relative amplitude and phase 
between the forward-going and the backward-going thermal waves in 
the irradiated region is given by 

θ1 = − ik1a1 + atanh
(

κ1,z.k1

κ2,z.k2

)

(6) 

Here, k1 and k2 are the thermal wavevectors in the irradiated and 
intact 4H-SiC, respectively. These wavevectors depend on the in-plane 
and the cross-plane thermal diffusion length, which in turn depend on 
the modulation frequency (see Eqs. (2) and (3)). The parameters κ1,z and 
κ2,z are the cross-plane thermal conductivities of the irradiated and 
intact 4H-SiC, respectively. The derivation of Eq. (5) is detailed in 
Ref. 40 and in Supplementary Information 2. It is worth noting that the 
relative amplitude and phase between the forward-going and the 
backward-going thermal waves in the irradiated 4H-SiC makes the 
transverse angular deflection of the probe beam dependent on both the 
in-plane and cross-plane thermal diffusion length. Consequently, in the 
case of multilayer systems, the adjustable parameters are R1, h, as well as 
the in-plane thermal diffusion length Lth and the cross-plane thermal 
diffusion length Lth,z. The in-plane and cross-plane thermal diffusivity of 
the irradiated 4H-SiC can be obtained by following the procedure pre
sented above for the case of a semi-infinite material. 

To obtain information on the effect of irradiation dose on the 
structural and electrical properties of 4H-SiC, Fourier transform IR 
(FTIR) reflectivity measurements were performed on the samples 
described above. The measurements were carried out in the frequency 
range 400–4000 cm− 1 using a deuterated triglycine sulfate (DTGS) de
tector and a potassium bromide (KBr) beamsplitter. The IR beam was 
unpolarized and the angle of incidence was set at 45◦ to excite zone 
center optical phonon modes of different symmetries [41]. The reflec
tivity spectrum of each sample was normalized to the reflectivity spec
trum of a gold mirror and the reproducibility of the measurements was 
checked by measuring the reflectivity spectra of the samples several 
times. The FTIR spectrometer has been carefully designed to ensure that 
the plane wave approximation is valid for the reflected IR beam to allow 
accurate Kramers-Kronig conversion of the reflectivity spectra. It is 
worth noting that the resonance of the phonon and plasmon modes in 
the IR spectral range makes the absorption coefficient of 4H-SiC very 
high for an IR excitation. In addition, irregularities at the hydrogen- 
enriched interface between irradiated 4H-SiC and intact 4H-SiC scatter 
infrared light and prevent interference between rays reflected from 
irradiated 4H-SiC and rays reflected from intact 4H-SiC. Therefore, the 
recorded IR reflectivity spectra are essentially dictated by the phonon 
and plasmon modes in the irradiated 4H-SiC, and their Kramers-Kronig 
conversions provide the real and imaginary parts of the infrared 
dielectric functions of the irradiated 4H-SiC layers only. 

3. Results and discussion 

3.1. Characterization of defects induced by proton irradiation 

The amplitude and phase of the transverse signal from the intact 
sample are shown in Fig. 2 as a function of the offset distance between 
the heating beam and probe beam and for nine different modulation 
frequencies. The amplitude increases as the heating beam moves closer 
to the probe beam, then goes sharply to zero when the two beams 
overlap. At this point, the phase shifts by 2π and the amplitude repeats 
itself as a mirror image. When the phase of the signal reaches − 2πor +
2π, it changes sign. Beyond an offset distance of a few thermal diffusion 
lengths, mechanical coupling to the direct heated regions of the sample 
dominates, causing the phase to fluctuate. This part of the recorded 
spectra was omitted from consideration in the data analysis. The in- 
plane thermal diffusion length in the intact sample is obtained for 
each modulation frequency by simultaneously fitting the amplitudes and 
phases of the transverse signals to Eq. (1). The high quality of the multi- 
parameter least squares fits of the amplitudes and phases of the trans
verse signals from the intact sample is illustrated in Fig. 2. The in-plane 
thermal diffusivityLth of that sample is obtained, as shown in Fig. 3, from 
the slope of the straight line passing through origin that best fits the 
measured L2

th vs. 1/πΩ. An in-plane thermal diffusivity of 2.00 ± 0.04 
cm2/s is obtained for intact 4H-SiC. This value corresponds to an in- 
plane thermal conductivity of 443 W/m.K, which is in agreement with 
results of thermal measurements and first-principles calculations on 4H- 

Fig. 2. Magnitude and phase of the transverse photothermal signal from an 
intact 4H-SiC substrate as a function of the offset distance between the heating 
beam and probe beam for nine different heating beam modulation frequencies. 
The symbols represent the experimental data. The solid lines represent the fits 
of the experimental data to a formalism for the angular deflection of the probe 
beam due to the mirage effect with taking into account a single forward-going 
thermal wave. 
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SiC reported previously [42,43]. 
The amplitudes and phases of the transverse signals from the proton- 

irradiated 4H-SiC samples are presented in Supplementary Information 
3 as a function of the offset distance between the heating beam and 
probe beam and for nine different modulation frequencies. An excellent 
description of the experimental data is obtained by fitting the measured 
transverse signals to Eq. (5), which accounts for thermal waves back
scatter at the hydrogen-enriched zone near the proton reaching depth. 

As demonstrated in Section 2, thermal waves backscattering at the 
interface between irradiated and intact 4H-SiC allows measurement of 
both the in-plane and cross-plane thermal diffusion length. The results 
obtained from the best fit of the measured transverse signals from the 
irradiated samples to Eq. (5) are presented below. 

The cross-plane thermal diffusion length Lth,z in the 4H-SiC layer 
irradiated with a proton dose of 2.5 × 1015 ions/cm2 is plotted in Fig. 4 
(a) as a function of 1/πΩ. For high modulation frequencies (i.e., when 
the thermal wave dies out before reaching the irradiation-induced 
highly damaged zone), the measured Lth,z is shorter than the cross- 
plane thermal diffusion length of defect-free 4H-SiC (as can be 
concluded from Refs. 42 and 43), indicating irradiation-induced defects 
along the axis of the hexagonal unit cell of the irradiated 4H-SiC. For 
moderate modulation frequencies, the thermal wave scatters at the 
highly damaged zone in the irradiated 4H-SiC layer and Lth,z shortens 
further to the order of the irradiated layer. At this point, L2

th,z deviates 
strongly from the linear dependence on1/πΩ. For low modulation fre
quencies, the thermal wavelength becomes significantly larger than the 
thickness of the irradiated 4H-SiC layer, and thus the rate at which 
thermal waves are scattered by the irradiation-induced defects decreases 
with the modulation frequency. Therefore, L2

th,z increases again 
with1/πΩ. 

The in-plane thermal diffusion length Lth in the 4H-SiC layer irradi
ated with a proton dose of 2.5 × 1015 ions/cm2 is plotted in Fig. 4(b) as a 
function of 1/πΩ. For high modulation frequencies, Lth is comparable to 
and even slightly longer than the in-plane thermal diffusion length of the 
intact sample, indicating that proton irradiation with a dose of 2.5 ×
1015 ions/cm2 does not cause any noticeable damage in the basal plane 
of the 4H-SiC hexagonal unit cell. The origin of the slight increase in Lth 
observed in the irradiated 4H-SiC will be discussed later. For lower 
modulation frequencies, the penetration depth increases and the 

Fig. 3. Square of in-plane thermal diffusion length in intact 4H-SiC substrate 
vs. 1/πΩ, where Ωis the heating beam modulation frequency. The data set is 
fitted to a straight line passing through origin whose slope is equal to the in- 
plane thermal diffusivity of the measured sample. The uncertainties are deter
mined by the experiment sensitivity and the scatter in the data points. 

Fig. 4. Infrared analysis of 4H-SiC substrate irradi
ated with protons at 3 MeV with a dose of 2.5 × 1015 

H+ ions/cm2. (a) Square of cross-plane thermal 
diffusion lengthL2

th,z vs. the inverse of π times the 
heating beam modulation frequency. (b) Square of in- 
plane thermal diffusion length L2

th vs. the inverse of π 
times the heating beam modulation frequency. The 
slopes of the straight line passing through origin that 
best fit the data points give the in-plane thermal 
diffusivity for high and low heating beam modulation 
frequencies. The uncertainties are determined by the 
experiment sensitivity and the scatter in the data 
points. The vertical dashed line is introduced to 
highlight the fact that L2

th,z and L2
th undergo the 

strongest deviation from the linear behavior for the 
same modulation frequency. (c) Imaginary parts of 
the infrared dielectric functions of intact 4H-SiC and 
the irradiated sample. (d) Imaginary parts of the in
verse of the negative of the dielectric functions of 
intact 4H-SiC and the irradiated sample.   
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measured in-plane thermal wave propagates in a layer including the 
highly damaged zone that occurs near the end of the proton trajectory. 
Because the thermal diffusivity of the highly damaged zone is signifi
cantly low [44–48], the overall in-plane thermal diffusivity decreases, 
and consequently, the measured L2

th deviates from the linear dependence 
on1/πΩ. The relationship between the in-plane thermal diffusivity of the 
highly damaged zone and the overall in-plane thermal diffusivity of the 
measured 4H-SiC layer is provided in Supplementary Information 4. 

To complement the photothermal measurements, FTIR reflectivity 
measurements were performed on the intact and irradiated samples. The 
FTIR reflectivity spectra from the samples investigated in this work are 
shown together in Supplementary Information 5. The frequency- 
dependent infrared complex dielectric functions ε(ω) of the samples 
were obtained from the Kramers-Kronig (KK) conversion of the 
measured FTIR reflectivity spectra. The KK theorem was implemented 
with necessary precautions to minimize the error that can result from 
integration over a finite frequency range [49]. The resonances of the TO 
phonon modes are obtained from the imaginary part of the dielectric 
function and the resonances of the LO phonon modes are obtained from 
the imaginary part of the negative of the inverse of the dielectric func
tion. The plasmon modes (i.e., the vibration modes corresponding to 
collective oscillations of free carriers) are also infrared-active and should 
show signatures in the IR spectrum. However, the frequencies of the LO 
phonon and plasmon modes usually occur very close to each other, and 
therefore, they couple through their associated electric fields to give rise 
to the so-called longitudinal plasmon–phonon mode [50–53]. The 
plasmon–phonon coupling manifests itself by a resonance frequency 
higher than that of the LO phonon mode and by a broad and asymmetric 
resonance line in the IR spectrum. 

The resonance lines of the infrared-active transverse optical (TO) 
phonons in the intact sample and the sample irradiated with a dose of 

2.5 × 1015 ions/cm2 are shown in Fig. 4(c), and the resonance lines of 
the infrared-active longitudinal optical (LO) phonons in these samples 
are shown in Fig. 4(d). The detected phonons are of pure E1 symmetry 
and A1-E1 mixed-symmetry. The identification of the symmetries of the 
infrared-active phonons in 4H-SiC is provided in Supplementary Infor
mation 6. No noticeable effect of proton irradiation at a dose of 2.5 ×
1015 ions/cm2 is observed on the imaginary part of the infrared 
dielectric function. This result indicates that the lattice damage density 
induced by proton irradiation at a dose of 2.5 × 1015 ions/cm2 is high 
enough to scatter cross-plane thermal waves, but low enough not to be 
observed by vibrational spectroscopy. 

As the substrate used in this work is n-type, the resonance line of the 
LO phonon in the intact sample exhibits an asymmetric peak with a 
broad tail at high frequencies, indicating coupling between the A1-E1 
mixed-symmetry LO phonon mode with a plasmon mode. The resonance 
line of the LO phonon in the sample irradiated with a proton dose of 2.5 
× 1015 ions/cm2, however, is shifted towards higher frequencies and is 
broader, indicating irradiation-induced additional free carriers in the 
proton-irradiated layer. As shown above, proton irradiation of 4H-SiC 
with a dose of 2.5 × 1015 ions/cm2 causes no noticeable damage in 
the basal plane of the 4H-SiC hexagonal unit cell. Hence, the additional 
free carriers generated by proton irradiation can contribute to the in- 
plane heat transport in the sample and raise the in-plane thermal 
diffusivity of the irradiated layer over that of the intact sample, which 
accounts for the fact that the in-plane thermal diffusion length in the 
irradiated layer is slightly longer than that in the intact sample. Signa
ture from the E1 symmetry LO phonon is not observed because the 
plasmon–phonon mode resonance line overwhelms it. 

The cross-plane and in-plane thermal diffusion length in the sample 
irradiated with a proton dose of 5.0 × 1015 ions/cm2 are shown in Fig. 5 
(a) and (b), respectively, for nine different modulation frequencies. The 

Fig. 5. Infrared analysis of 4H-SiC substrate irradi
ated with protons at 3 MeV with a dose of 5.0 × 1015 

H+ ions/cm2. (a) Square of cross-plane thermal 
diffusion length L2

th,z vs. the inverse of π times the 
heating beam modulation frequency. (b) Square of in- 
plane thermal diffusion length L2

th vs. the inverse of π 
times the heating beam modulation frequency. The 
slopes of the straight line passing through origin that 
best fit the data points give the in-plane thermal 
diffusivity for high and low heating beam modulation 
frequencies. The uncertainties are determined by the 
experiment sensitivity and the scatter in the data 
points. The vertical dashed line is introduced to 
highlight the fact that L2

th,z and L2
th undergo the 

strongest deviation from the linear behavior for the 
same modulation frequency. (c) Imaginary parts of 
the infrared dielectric functions of intact 4H-SiC and 
the irradiated sample. (d) Imaginary parts of the in
verse of the negative of the dielectric functions of 
intact 4H-SiC and the irradiated sample.   
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curves describing the variation of the cross-plane thermal diffusion 
length Lth,z and the in-plane thermal diffusion length Lth with 1/πΩ are 
similar to those for the samples irradiated with a proton dose of 2.5 ×
1015 ions/cm2 except for two aspects. First, for all measured modulation 
frequencies, Lth,z is shorter, indicating that the increase in proton irra
diation dose causes a higher density of defect along the axis of the 4H- 
SiC unit cell. Second, the deviation of L2

th,z and L2
th from the linear 

dependence on1/πΩ is more pronounced, indicating that the highly 
damaged zone occurring near the end of the proton trajectory thickens 
with increasing the proton irradiation dose. 

The infrared active TO and LO phonon resonances in the intact 
sample and the sample irradiated with a dose of 5.0 × 1015 ions/cm2 are 
shown in Fig. 5(c) and (d) respectively. As can be seen in Fig. 5(c), the 
intensity of the TO phonon resonance line in the irradiated layer is lower 
than the intensity of the TO phonon resonance line in the intact 4H-SiC, 
indicating that for a proton irradiation dose of 5.0 × 1015 ions/cm2, the 
lattice damage reaches a level detectable by vibrational spectroscopy. 
The comparison between the LO phonon resonance lines in the irradi
ated layer and in the intact 4H-SiC, shown in Fig. 5(d), clearly demon
strates that a proton irradiation dose of 5.0 × 1015 ions/cm2 generates 
additional free carriers whose collective vibrational mode couples with 
the LO phonon mode. These irradiation-induced free carriers contribute 
to in-plane heat transport and slightly increase the in-plane thermal 
diffusivity of the irradiated layer over that of the intact sample. 

The cross-plane and in-plane thermal diffusion length in the sample 
irradiated with a proton dose of 1.0 × 1016 ions/cm2 are shown in Fig. 6 
(a) and (b), respectively, for nine different modulation frequencies. For 
this irradiation dose, the curve of L2

th,z vs. 1/πΩ gradually deviates from a 
straight line as the modulation frequency decreases. Then, it decreases 
sharply for modulation frequencies for which Lth,z is of the order of the 

thickness of the irradiated layer, and increases again for frequencies for 
which Lth,z is significantly longer than the thickness of the irradiated 
layer. However, the rate at which this curve increases at low frequencies 
is markedly lower than the rate at which it increases for lower irradia
tion doses. This behavior of the L2

th,z vs. 1/πΩ curve indicates that the 
highly damaged zone in the layer irradiated with a proton dose of 1.0 ×
1016 ions/cm2 is significantly thicker than that in the layers irradiated at 
lower doses. The curve describing the variation of the square of the in- 
plane thermal diffusion length L2

th with 1/πΩ shown in Fig. 6(b) dem
onstrates, on the other hand, that even at such a high irradiation dose, 
proton irradiation does not cause any noticeable damage in the basal 
plane of the 4H-SiC unit cell. The fact that the deviation of L2

th from the 
linear dependence on1/πΩ when the thermal wave reaches the highly 
damaged region is now more pronounced than that observed in the cases 
of lower irradiation doses indicates that the highly damaged zone in the 
layer irradiated at a dose of 1.0 × 1016 ions/cm2 is thicker than that in 
the layers irradiated at lower doses (see Supplementary Information 4). 

The resonance lines of the infrared-active TO and LO phonons in the 
intact sample and the sample irradiated with a dose of 1.0 × 1016 ions/ 
cm2 are shown in Fig. 6(c) and (d), respectively. As shown in Fig. 6(c), at 
an irradiation dose of 1.0 × 1016 ions/cm2, the A1-E1 mixed-symmetry 
TO phonon mode splits into two different modes. This phonon mode 
splitting is due to the effect of the high defect concentration in the highly 
damages zone, which causes a stress field on the TO phonon resonance 
frequency [54,55]. Thus, at an irradiation dose of 1.0 × 1016 ions/cm2, 
the highly damaged zone becomes thick enough to be detected in IR 
spectroscopy. The comparison between the resonance lines of the LO 
phonon modes in the irradiated layer and the intact 4H-SiC substrate 
demonstrates, as for the layers irradiated at lower doses, irradiation- 
induced additional free carriers whose collective vibrational mode 

Fig. 6. Infrared analysis of 4H-SiC substrate irradi
ated with protons at 3 MeV with a dose of 1.0 × 1016 

H+ ions/cm2. (a) Square of cross-plane thermal 
diffusion length L2

th,z vs. the inverse of π times the 
heating beam modulation frequency. (b) Square of in- 
plane thermal diffusion length L2

th vs. the inverse of π 
times the heating beam modulation frequency. The 
slopes of the straight line passing through origin that 
best fit the data points give the in-plane thermal 
diffusivity for high and low heating beam modulation 
frequencies. The uncertainties are determined by the 
experiment sensitivity and the scatter in the data 
points. The vertical dashed line is introduced to 
highlight the fact that L2

th,z and L2
th undergo the 

strongest deviation from the linear behavior for the 
same modulation frequency. (c) Imaginary parts of 
the infrared dielectric functions of intact 4H-SiC and 
the irradiated sample. (d) Imaginary parts of the in
verse of the negative of the dielectric functions of 
intact 4H-SiC and the irradiated sample.   
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couples with the LO phonon mode. 
The cross-plane and in-plane thermal diffusion length in the sample 

irradiated with a proton dose of 2.0 × 1016 ions/cm2 are shown in Fig. 7 
(a) and (b), respectively, for nine different modulation frequencies. The 
very pronounced drop ofL2

th,z and L2
th when the thermal wave approaches 

the highly damaged region indicate that when the proton irradiation 
dose increases to 2.0 × 1016 ions/cm2, the thickness of the highly 
damaged zone increases further. The values of the in-plane thermal 
diffusion lengths for high modulation frequencies are very comparable 
to those of the intact 4H-SiC, indicating that even an extremely high 
irradiation dose (about one fifth of the dose at which 4H-SiC flakes are 
exfoliated [26]) does not cause any noticeable damage in the basal plane 
of the 4H-SiC unit cell. 

The resonance lines of the infrared-active TO and LO phonons in the 
intact sample and the sample irradiated with a dose of 2.0 × 1016 ions/ 
cm2 are shown in Fig. 7(c) and (d), respectively. As the irradiation dose 
increases to 2.0 × 1016 ions/cm2, the splitting of the A1-E1 mixed- 
symmetry TO phonon mode becomes more pronounced, indicating a 
further increase in the thickness of the highly damaged zone. The 
resonance line of the LO phonon, on the other hand, continues to reveal 
irradiation-induced free carriers. 

3.2. Effect of proton irradiation dose on thermal diffusivity 

The cross-plane and in-plane thermal diffusivity of the proton- 
irradiated layers can be obtained from the relation L2

th,(z) × πΩ, which 
corresponds to the slop of the tangent to the curve of L2

th,(z) vs. 1/πΩ. The 
thermal diffusion length measurements described above demonstrate 
that the cross-plane thermal diffusivity α⊥gradually decreases with 
decreasing modulation frequency, and increases again when the mod

ulation frequency falls below a critical frequency, and the rate at which 
α⊥varies depends on the proton irradiation dose. The reason for this 
dependence of α⊥on the modulation frequency and the proton irradia
tion dose is that, as shown above, proton irradiation induces defects 
along the axis of the 4H-SiC unit cell and a heavily damaged zone near 
the end of the proton trajectory, and the density of the induced defects 
and the thickness of the heavily damaged zone depend on the proton 
irradiation dose. 

The in-plane thermal diffusivity α// is almost unaffected by proton 
irradiation for high modulation frequencies for which the in-plane 
thermal wave does not interact with the highly damaged zone, which 
occurs near the end of the proton trajectory. Nevertheless, when the 
modulation frequency falls below the critical frequency, the in-plane 
thermal wave interacts with the highly damaged zone, which is char
acterized by low thermal diffusivity, and consequently α// drops. As the 
thickness of the highly damaged zone depends on the proton irradiation 
dose, the drop of α// depends on the proton irradiation dose. The in- 
plane thermal diffusivity α// of 4H-SiC is presented in Table 1. as a 
function of the proton irradiation dose and for modulation frequencies 

Fig. 7. Infrared analysis of 4H-SiC substrate irradi
ated with protons at 3 MeV with a dose of 2.0 × 1016 

H+ ions/cm2. (a) Square of cross-plane thermal 
diffusion length L2

th,z vs. the inverse of π times the 
heating beam modulation frequency. (b) Square of in- 
plane thermal diffusion length L2

thvs. the inverse of π 
times the heating beam modulation frequency. The 
slopes of the straight line passing through origin that 
best fit the data points give the in-plane thermal 
diffusivity for high and low heating beam modulation 
frequencies. The uncertainties are determined by the 
experiment sensitivity and the scatter in the data 
points. The vertical dashed line is introduced to 
highlight the fact that L2

th,z and L2
th undergo the 

strongest deviation from the linear behavior for the 
same modulation frequency. (c) Imaginary parts of 
the infrared dielectric functions of intact 4H-SiC and 
the irradiated sample. (d) Imaginary parts of the in
verse of the negative of the dielectric functions of 
intact 4H-SiC and the irradiated sample.   

Table 1 
In-plane thermal diffusivity α// of 4H-SiC as a function of the proton irradiation 
dose and for modulation frequencies above and below the critical frequency Ωc.  

Proton irradiation dose 
(
ions/

cm2)
α// for Ω > Ωc 

(
cm2.

s− 1)
α// for Ω < Ωc 

(
cm2.

s− 1)

0 2.00 ± 0.04 2.00 ± 0.04 
2.5 × 1015 2.07 ± 0.04 1.93 ± 0.04 
5.0 × 1015 2.14 ± 0.04 1.89 ± 0.04 
1.0 × 1016 2.10 ± 0.04 1.81 ± 0.04 
2.0 × 1016 1.93 ± 0.04 1.49 ± 0.04  
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above and below the critical frequency. 

3.3. Effect of proton irradiation dose on the depth profile of axial defect 
density 

The absorption of IR light in the surface layers of measured samples 
and the deviation of L2

th,z from the linear dependence on 1/πΩ as the 
modulation frequency approaches the critical frequency Ωc, which is 
indicated in Figs. 4(a-b), 5(a-b), 6(a-b), and 7(a-b) by dashed lines, 
provide an important tool for examining the distribution of irradiation- 
induced defect along the axis of the unit cell. The procedure for con
verting the measured curve of L2

th,(z) vs. 1/πΩ into depth profile of axial 
defect density is presented in what follows. Let z be the depth of a 
scattering center (pint defect, dislocation, impurity, etc…). Due to the 
high damping of the thermal wave generated on the surface by the IR 
heating beam, it is reasonable to assume that the characteristic thermal 
wavelength λz is equal to the cross-plane thermal diffusion length [40]. 
The sensitivity of the thermal wave to the scattering center at depth z 
increases as λz increases. For instance, if λz ≤ z, the thermal wave is 
insensitive to the defect as it vanishes before reaching depth z, and if λz is 
slightly larger than z, the thermal wave hardly interacts with the defect 
at depth z. However, If λz > 2z, the thermal wave does not scatter at 
depth z because of the diffraction limit. Consequently, the most sensitive 
thermal wave to the scattering center at depth z is the one whose 
wavelength is equal to 2z. On the other hand, the strength of the thermal 
wave scattering can be determined from the relative difference between 
the cross-plane thermal diffusion length in the measured layer and intact 
4H-SiC (ΔLth,z/Lth,z). Here, Lth,z is the cross-plane thermal diffusion 
length in intact 4H-SiC and ΔLth,z is the absolute difference between the 
cross-plane thermal diffusion length in the measured layer and intact 
4H-SiC. Thus, the plot of ΔLth,z/Lth,z vs. Lth,z/2 (which, as mentioned 
above, is equal to λz/2) provides a measure of the strength of thermal 
wave scattering as a function of the scattering center depth in the 
measured layer. In other words, such a plot provides a depth profile of 
the axial defect distribution in the measured layer. 

The plots of ΔLth,z/Lth,z vs. Lth,z/2 for the irradiated 4H-SiC layers are 
presented in Fig. 8. These plots show that for low proton irradiation 
doses, the highly damaged zone is at approximately 12 µm from the 
hydrogen-enriched interface between the irradiated and intact 4H-SiC. 
However, as the proton irradiation dose increases, the heavily 
damaged zone approaches the hydrogen-enriched interface, which is 
located at a depth of 60 ± 5 µm. The plots illustrated in Fig. 8 also show 
that, in accordance with the conclusion drawn from the behavior of L2

th,z 

in the irradiated 4H-SiC layers, the thickness of the highly damaged zone 
increases as the proton irradiation dose increases. 

4. Conclusion 

Directional analysis of thermal diffusivity and defect density depth 
profiles in proton-irradiated 4H-SiC substrates is performed using an IR 
photothermal beam-deflection technique and IR spectroscopy. Pulses 
from a 10.6 µm wavelength CO2 laser were used to generate thermal 
waves in 4H-SiC single crystal substrates irradiated with protons at 3 
MeV with different irradiation doses. The induced temperature gradi
ents on the surfaces were measured using the deflection of a He-Ne laser 
probe beam due to the mirage effect. The cross-plane and in-plane 
thermal diffusion lengths in the irradiated layers were obtained by 
fitting the measured angular deflection of the probe beam to a model for 
the mirage effect taking into account the anisotropic thermal properties 
of 4H-SiC. The variation of the square of the cross-plane thermal diffu
sion length relative to the inverse of the modulation frequency showed 
that proton irradiation causes significant damage along the axis of the 
hexagonal unit cell of 4H-SiC and that the highly damaged zone at which 
thermal waves scatter the most thickens as the irradiation dose in
creases. On the other hand, the variation of the square of the in-plane 

thermal diffusion length relative to the inverse of the modulation fre
quency showed that proton irradiation does not cause any noticeable 
damage in the basal plane of the 4H-SiC hexagonal unit cell. The effect of 
the proton irradiation dose on the cross-plane and in-plane thermal 
diffusivity of 4H-SiC was also deduced. The Kramers-Kronig conversion 
of the FTIR reflectivity spectra of the samples further confirmed that the 
thickness of the heavily damaged zone increases with the irradiation 
dose and showed that proton irradiation induces free carriers that can 
contribute to heat transport in the plane of the irradiated layer. The 
measurement of thermal wave scattering in the irradiated layers was 
used to generate the depth profile of the defect density in proton- 
irradiated 4H-SiC for different proton irradiation doses. The results 
showed that the highly damaged zone thickens and approaches the 
proton reaching depth as the irradiation dose increases. IR photothermal 
deflection and IR spectroscopy are proposed as effective tools to char
acterize deep subsurface defects and their effects on material properties. 
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Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.infrared.2021.103891. 

Fig. 8. Plots of the relative differences between the cross-plane thermal 
diffusion lengths in the irradiated 4H-SiC layers investigated in this work and in 
intact 4H-SiC vs. the half of the cross-plane thermal diffusion length in intact 
4H-SiC revealing the depth profiles of the defect density in 4H-SiC substrates 
irradiated with protons at 3 MeV with different irradiation doses. 
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