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Abstract Cross-sectional investigation is an important

method to study ion irradiation effects in the depth direc-

tion. In this study, 2 MeV H? was implanted in 6H-SiC

single crystals to investigate the effects of light ion irra-

diation on SiC. Raman spectroscopy and scanning elec-

tronic microscopy (SEM) were carried out on cross-

sectional samples to reveal the in-depth damage states and

dopant behavior. The most damaged region is a little

shallower than that predicted by the SRIM procedure,

owing to the uncertainty in SRIM simulations. Layered

structures representing zones of varying damage after

2 MeV H ion irradiation are clearly observed. Two bands

are observed in SEM images, of which on band corre-

sponds to the damage peak, while the other band at the end

of the H ion-affected area is probably a result of H diffu-

sion propelled by a hydrogen-rich layer during irradiation.

A charge accumulation effect related with conductivity on

the sample surfaces during SEM tests is observed in the

H-implanted area. A model is proposed to explain these

phenomena.

Keywords SiC � Proton irradiation � Cross-sectional

analysis � Raman spectroscopy � SEM

1 Introduction

Silicon carbide (SiC) is of scientific and technological

interest for its potential applications in nuclear energy

systems. It is also an attractive wide band-gap semicon-

ductor for a broad range of applications such as high-fre-

quency, high-power, and high-temperature devices [1, 2].

Understanding the effects of energetic ion irradiation on

SiC is therefore desirable. In particular, irradiation from

light ions like H as well as its diffusion behavior needs

further investigation. Proton implantation-induced defects

in SiC and the related electrical properties have been

extensively investigated [3–10]. Hydrogen has been found

to be mobile at low temperatures and can diffuse at a lm

scale in p-type SiC, while no such effect has been found in

n-type samples [11]. On the other hand, H ion irradiation

has been found to generate radiation damage defects, which

are known to trap hydrogen very effectively, reducing its

mobility [12]. In turn, this influences the irradiation effects.

Additionally, high-energy light ion implantation, like MeV

protons implanted in SiC, will result in a large penetration

depth. The discrepancies in radiation damage and dopant

profiles between experimental observations and classic

Stopping and Range of Ions in Matter (SRIM) code [13]

predictions are of interest. Thus, more attention should be

paid to the high-energy proton-induced damage states as a

function of depth and impurity/dopant behavior in SiC.
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In this work, 2 MeV H? irradiation was carried out to

investigate in-depth radiation damage and the dopant

behavior of high-energy light ions implanted in SiC.

Investigation on cross-sectional samples is a good

methodology for probing large perturbed depth, which has

been reported in [14–18]. The combined use of Raman

spectroscopy and scanning electronic microscopy (SEM)

allows one to study the irradiation effects and discrepancies

between experimental results and SRIM calculations. A

model has been proposed to elucidate the layered structures

observed in the range of H ions in SiC.

2 Experimental

2 MeV H? was implanted into n-type single crystal 6H-

SiC(0001) wafers at a fluence of 2.7 9 1017 cm-2. Two

samples were polished to a mirror-like finish by chemical

mechanical polishing and reconstituted to limit radiative

losses from the analyzed surface during irradiation [16].

The ion implantation was performed at an angle of 7� to

avoid channeling effects using a 4.5 MV electrostatic

accelerator at Peking University at room temperature (RT).

The damage in terms of displacement per atom (dpa) and

the depth distribution of H atoms according to the classic

Monte Carlo simulations by SRIM are depicted in Fig. 1a.

The threshold displacement energies used for C and Si

sublattices are 20 and 35 eV, respectively [19]. It is seen

that the Bragg peak is very obvious for light ions like H?

and the hydrogen concentration is about 2.0 at.%.

After irradiation, the Raman (Horiba J.Y. LabRAM

ARAMIS) and SEM (FEI NanoSEM 430) analyses were

carried out to investigate the disorder profile and the range

of H ions. Figure 1b shows a schematic diagram of cross-

sectional investigation by Raman and SEM. Raman spec-

troscopy has been proved to be effective in the study of

cross sections of ion-irradiated samples [14–18]. The depth

dependence of damage induced by ion irradiation was

evaluated by Raman line scan measurements. The Raman

spectra were obtained with a 1800 lines/mm grating using a

laser wavelength of 532 nm with a scanning range of

600–1200 cm-1 at a spectral resolution of 0.8 cm-1 at RT.

A 1009 objective with a numerical aperture of 0.9 was

employed during the Raman tests. Raman spectroscopy has

a depth resolution at about 1 lm and is sensitive to dis-

orders induced in SiC by ion irradiation. Furthermore, the

cross-sectional surface of our sample was analyzed by

SEM to reveal the structures affected by ion implantation

in depth. SEM was used as a complementary technique to

investigate the distribution of H ions and the corresponding

damage. The results are compared with SRIM calculations.

3 Results and discussion

Figure 2a shows typical Raman spectra recorded along

the ion implantation path. The incident surface is marked

as 0 lm. The characteristic peaks of 6H-SiC, which are

usually used as indicators of damage level, and the related

defect types are evolved with the depth, as shown in

Fig. 2a. Figure 2a also shows that the most damaged region

is around 29.5 lm deep and this area is almost amorphous.

At a depth of 40 lm, the presence of crystalline SiC is

confirmed. A little disorder is observed at the surface of the

2 MeV H?-implanted SiC, as illustrated in Fig. 2b. The

Raman spectra of the boundary (0 lm), the most damaged

area (29.5 lm), the unaffected area (by H ions, 40 lm) and

the two transition states between 0 and 29.5 lm (15 lm

chosen) and 29.5 and 40 lm (35 lm chosen) are depicted

in Fig. 2c–g. The damage level increases as the Raman

intensity decreases at a depth of 15 lm, as shown in

Fig. 2d. Signals indicating disordered/distorted or amor-

phous Si–C are observed in the most damaged region, as

shown in Fig. 2e, which is in accordance with [20]. From

35 lm, which is beyond the damage peak, the Raman

intensity increases drastically until the undamaged region

Fig. 1 (Color online) a Depth distribution of H ions and dpa profile

(for a fluence of 2.7 9 1017 cm-2); b schematic diagram of cross-

sectional investigation by Raman and SEM
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(40 lm). It can be seen that 2 MeV H ion-induced damage

is highly heterogeneous in the implantation direction. The

present cross-sectional study is applicable for deep pene-

tration depth (several or tens of micrometers) due to the

MeV H? energy. Although the evolution of Raman inten-

sity with depth is not a direct representation of damage

evolution, Raman line scan measurements can depict the

damage profile approximately and conveniently.

Fig. 2 (Color online) Raman line scan measurements a performed at RT on the cross section of the irradiated sample; b Raman spectra of

2 MeV H ion-irradiated SiC at 0, 15, 29.5, 35 and 40 lm, and the figures of separate curves (c)–(g)
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In order to elucidate the damage profile of 2 MeV H ion-

irradiated SiC, a characteristic Raman peak of our sample

is further investigated. Figure 3a, b presents the peak

position and the width of the A1 (TO) mode at 787 cm-1 as

a function of depth. The width was measured by full width

at half maximum. It is seen that the peak position moves to

lower wavenumbers as the damage increases from the

surface to the most damaged region. Concurrently, the

width increases, which is an agreement with our previous

work [15]. The evolution of the relative area (RA) with

implantation depth is shown in Fig. 3c. The RA is an

indication of damage level, derived by the area of the A1

(TO) mode at 787 cm-1 obtained from deconvolution and

normalized to the value of pristine SiC. Figure 3c shows

that the region of most damage is around 29.5 lm, slightly

shallower than that of SRIM simulations (31.6 lm). The

RA of the boundary area is about 0.4, indicating a rela-

tively low damage induced by H? irradiation near the ion

implantation surface. Figure 3c shows that the area affec-

ted by H ions extends as deep as * 36 lm, corresponding

to an RA value of about 1.0 at that depth. The steep curve

of RA, which corresponds to the drastically reduced

implantation damage, shows that some of the implanted H

ions will still move beyond the most damaged region until

they completely stop. The effect of the H ions extended to

depths greater than those simulated by SRIM (see Fig. 1a).

Therefore, it can be concluded that the stragglings of the

simulated hydrogen and vacancy distributions are lower

than in reality. Besides, the SRIM code does not account

for diffusion of defects and hydrogen ions, which may

affect the resulting damage profile.

The frequency shift and width evolution of the FTO2/6

peak with depth plotted in Fig. 3a, b are related to the

damage formation and the resulting strains [15]. It is worth

noting that the damage peak estimated by numerical SRIM

calculation of 2 MeV H? was 32 lm, which is in close

agreement with the results obtained from Raman mea-

surements. However, some discrepancies exist. These dis-

crepancies can be explained by the inaccurate estimation of

energy loss, either nuclear or electronic, in SRIM code,

which can be ascribed to an underestimation of the stop-

ping power calculated by SRIM, resulting in an overesti-

mation of the depth of the damage peak.

Lindhard et al. developed the equation to predict the ion

range based on the measured electronic stopping power

[21]

Rp ¼
R

1 þ ðM2=3M1Þ
; ð1Þ

where M1ð1Þ and M2ð20Þ are the mass of the implanted

ions and the target, respectively. The total ion path, R, can

be obtained by the formula

R ¼ 1

N

Z Ei

0

dE

SnðEÞ þ SeðEÞ½ �; ð2Þ

where SnðEÞ, SeðEÞ, Ei and N are the nuclear and electronic

stopping power, the incident energy, and the density of the

target, respectively. The damage profile will be

Fig. 3 (Color online) The depth evolution of the A1 (TO) peak

position (a) and width (b) of the sample. (c) The RA of the A1 (TO)

mode area at 787 cm-1 as a function of depth
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proportional to ion range distribution. Thus, the discrep-

ancy observed in the present case is conjectured to result

from an underestimation of stopping power.

It is possible that the stopping power is increased owing

to the synergistic effects of nuclear and electronic energy.

Several investigations have found overestimated electronic

stopping power for heavy ions like Au and Pt in light

targets [22–26]. Although the SRIM predictions have a

good agreement for light ions [27–29], a slight underesti-

mation of the stopping power in SRIM can be inferred in

the present case. Efforts have been made to investigate the

stopping power both theoretically and experimentally

[30–32], with results showing that discrepancies exist.

In general, SRIM provides a good evaluation of the

spread of hydrogen atoms. However, the determination of

the accurate distribution of hydrogen atoms is difficult

here. The H profile is affected by several factors, such as

temperature, the accompanying defects induced by H ion

irradiation, the dose of H ions, and the status of host

material.

To survey the in-depth damage intuitively, SEM was

used to study the cross-sectional surface of 2 MeV H?-

irradiated sample. Figure 4a clearly shows that two black

bands exist, the upper one is the most damaged area, and

the lower one is conjectured to be an agglomerated area

resulting from H diffusion. Figure 4b shows that the most

damaged area is about 30 lm deep, which is in accordance

with the result of Raman investigations. Surprisingly, the

lower black band appeared in SEM images at a depth about

36 lm, which is much deeper than the H ion range (around

32 lm) calculated by SRIM.

We conjecture that the black band corresponds closely

to the H ion-related agglomerated area. Note that this band

is just at the end of the H ion-affected area. The diffusion

of hydrogen may occur because the sample heats up during

implantation, resulting in a possible area of H agglomera-

tion at a depth about 36 lm. It should be pointed out that

the irradiation experiment was carried out for several

hours. H ion implantation induced the formation of a

hydrogen- and defect-rich layer in the implanted region.

The hydrogen-rich layer is slightly deeper than the defect-

rich layer, shown in Fig. 1a and acts as a diffusion source

during irradiation. Some hydrogen atoms reaching the ion

range may begin to diffuse during the irradiation. In other

words, the relatively deeper hydrogen-rich layer gives rise

to the possibility that some H atoms penetrated to a deeper

area, and then diffused outward and toward the sample

surface. One reason that some H atoms accumulated at a

depth of around 36 lm is that hydrogen atoms stop dif-

fusing with undisturbed substrate underneath, because the

diffusivity of hydrogen in our heavily irradiated n-type SiC

is suppressed [11].

Furthermore, it can be seen that the damage level

decreased rapidly and continuously from the most damaged

region (about 30 lm) to the deepest H-affected area (about

36 lm), as shown in Fig. 3c, implying no obvious diffusion

of defects produced by H implantation in the present case.

This could have also been the reason why the lower black

band observed in Fig. 4a, b can be ascribed to excess

hydrogen diffusion, although the hydrogen atoms exhibit a

tendency to interact with defects, vacancies, and self-in-

terstitials generated during ion bombardment; acceptor and

donor impurities; as well as deep-level defects and the high

dose of hydrogen atoms themselves [33, 34]. The above

explanation requires further confirmation.

The contrast changes in the present work are the result

of an electric charge accumulation effect in SEM and are

related to the conductivity of the sample surface. The areas

of lower conductivity correspond to black bands in the

SEM micrographs. As is generally known, secondary

electron scattering is a key factor that influences SEM

images. Usually, samples were covered by a thin gold layer

and/or electron flooding was applied to avoid surface

charging. In the present work, the accumulated negative

charges on our non-conductive sample surface during SEM

Fig. 4 (Color online) a, b SEM micrographs at 5 kV of cross section

of 2 MeV H?-irradiated sample at different magnitudes.

(c) Schematic illustrations of the model of H diffused to the end of

the area affected by H ions
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tests result in a relatively dark contrast compared with

more conductive specimens [35]. When the electrons

bombarded the sample surface, the most damaged area and

H agglomerated area deflect the impeding electrons more

easily, inducing relatively lower secondary electron emis-

sion. Assuming that the polished cross sections of our

samples are uniform and smooth enough, the number of

secondary electrons scattered during the SEM test is clo-

sely related to the surface conductivity. Thus, the layered

structures are ascribed to the differences of conductivity.

We proposed a model to explain these phenomena.

Figure 4c shows a schematic illustration of the layered

structures observed at the H-affected area. A black band

emerges, implying this area is more resistive compared

with its two sides. An electrical accumulation effect plays a

role. Since the damage level, measured by Raman is rather

low at the end of H-affected area (around 36 lm), we

presume that some hydrogen atoms moved there, changing

the electrical properties. It could happen since Laven et al.

found that acceptor-like defects are created in the Si layer

penetrated by the implanted protons, which may induce an

inversion from n-type to p-type conductivity, influencing

the diffusivity of hydrogen. And hydrogen-related excess

donor appears in regions leading to an n-type inversion

again [36]. These complex situations may suit for our MeV

proton implantation in SiC. Hydrogen atoms will migrate

within the implanted region and gradually decorate defects

generated by the implantation. However, some excess

hydrogens keep moving on till the end of the H-affected

area. It is speculated that most of the H atoms stopped

moving into the untreated substrate for the dark band still

there after the samples kept for more than 6 months. Thus,

this dark band can be presumed to be H agglomerated area.

Appropriate test conditions are needed to observe the lay-

ered structures.

In summary, Raman measurements and the SEM

micrographs in the present work reveal the damage distri-

bution induced by MeV H ion irradiation directly. Ener-

getic ion-induced damage over the entire ion range by

studying on cross sections of SiC gives more insights into

the damage effects induced by ion implantation. Further

investigation of the influence of high-energy H ion-induced

damage on hydrogen distribution is needed.

4 Conclusions

The damage effects in high-energy MeV H? implanted

in SiC are studied by Raman and SEM techniques. The

damage peak is slightly shallower than that predicted by

SRIM. Though SRIM can give a good evaluation of the

light ion-induced damage and the ion range in targets,

discrepancies from the experimental results cannot be ruled

out. The discrepancies can be ascribed to the errors in the

simulated stopping power and energy loss calculated by

SRIM. Layered structures were formed in H ion-irradiated

SiC due to different contributions of damaged zone. High-

energy H ions implanted in the SiC substrate result in an

obvious less conductive band at the end of H ion-affected

area. A charge accumulation model is proposed to eluci-

date the microstructures observed in this area.
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