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Featured Application: graphene in electronics.

Abstract: A Chemical Vapor Deposition graphene monolayer grown on 6H-SiC (0001) substrates
was used for implantation experiments. The graphene samples were irradiated by He* and N ions.
The Raman spectra and electrical transport parameters were measured as a function of increasing
implantation fluence. The defect concentration was determined from intensity ratio of the Raman
D and G peaks, while the carrier’s concentration was determined from the relations between G
and 2D Raman modes energies. It was found that the number of defects generated by one ion is
0.0025 and 0.045 and the mean defect radius about 1.5 and 1.34 nm for He™ and N*, respectively.
Hole concentration and mobility were determined from van der Pauw measurements. It was found
that mobility decreases nearly by three orders of magnitude with increase of defect concentration.
The inverse of mobility versus defect concentration is a linear function, which indicates that the
main scattering mechanism is related to defects generated by ion implantation. The slope of inverse
mobility versus defect concentration provides the value of defect radius responsible for scattering
carriers at about 0.75 nm. This estimated defect radius indicates that the scattering centres most likely
consist of reconstructed divacancies or larger vacancy complexes.
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1. Introduction

Ion implantation is a useful tool for changing graphene parameters. Examples of usefulness of ion
implantation are modification of graphene electrochemical activity [1] or production of nano-sieves
for water desalination [2]. The principal effect of the ion implantation is generation of crystal lattice
disorder, which is connected with modification of the hexagonal carbon sp? structure. In the most
cases graphene, which have been used for implantation experiments was grown on Cu and later
transferred on glass [3]. Such graphene already contains of many defects connected with growth and
transfer process.

It is known that the best epitaxial graphene is obtained on SiC (0001) [4,5]. However, the epitaxial
growth of graphene on SiC (0001) substrates is connected with the formation of a buffer layer [6,7].
The buffer layer comprised carbon atoms that are covalently bonded to the underlying SiC substrate
and does not show graphitic electronic properties [6,7]. The electronically inactive reconstructed buffer
layer on SiC (0001) may be converted into quasi-free-standing monolayer graphene after hydrogen
intercalation [8]. It was demonstrated that hydrogen can migrate underneath epitaxial graphene and
the interface layer, bind to the Si atoms of the SiC (0001) surface and decouple epitaxial graphene from
its substrate. Intercalation of hydrogen atoms below the buffer layer forms weakly coupled bilayer
graphene, leading to a completely sp? hybridized graphene layers with improved electronic properties.
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It was found that after intercalation by hydrogen graphene layer become p-type [8]. The hydrogen
intercalation opened up the possibility to produce quasi-free-standing epitaxial graphene on large SiC
wafers. Such quasi-free-standing graphene was used in our implantation experiments. Using such
graphene increase probability that defects present in it are generated by ion implantation, and allows
to connect electrical measurements with optical ones.

Several experimental observations of defects induced in graphene by ion and electron irradiation
show that defects consisting of different polygons may be formed under energetic particles
bombardment [9-13]. Presented in [11-13] experimentally observed atomic configurations of the
induced defects have areas essentially larger than vacancy or even divacancy, showing that even such
large structures of the defects are possible.

However, defects generated by ion implantation have to modify the electrical properties of
graphene as well. In this work, Raman spectroscopy was used to define the carrier concentrations [14]
and confronted with the results of electrical measurements. It was already reported that the Raman
spectroscopy is a useful tool for investigation of ion beam induced defects in graphene [3]. The most
important parameter that connects defects generated by ion implantation with electrical properties
of graphene is carrier mobility. The main motivation of this work is to connect density of defects
generated by ion implantation with electrical properties of the defected graphene.

2. Materials and Methods

The Chemical Vapor Deposition (CVD) of graphene on 6H-SiC (0001) substrates was used
for implantation experiments. The procedure of growth was performed along the lines described
previously [15]. After the graphene growth, the samples were annealed in hydrogen at temperature
1000° C for 1 hour to separate graphene layer from the SiC surface. As the result of this process it was
found by electrical measurements that the graphene layer was p-type.

The samples were annealed in vacuum in 10~ Pa at a temperature of 300 °C for 30 minutes before
ion implantation process to remove the residual moisture from the graphene surface. Two ions He*
and N* at energy of 100 keV were implanted. This ion energy causes the range of ions in the target to
be much larger than the thickness of the graphene layer, therefore graphene doping by implanted ions
is very unlikely. Various ion fluencies were applied ranging from 10'> cm~2 up to 10 m~2 for He*
ions and from 10'! em =2 up to 4 x 10'* cm~2 for N* ions. The whole sample surface was irradiated
and ion fluence was increased step by step in subsequent processes. All ion implantation processes
were performed at room temperature and no post implantation annealing of investigated samples was
applied. The Hall mobility and carrier concentration and Raman spectra were measured after each
step of ion irradiation.

Raman spectroscopy was performed at room temperature with Renishaw in Via Raman
Microscope using 532 nm wavelength from Nd: YAG laser. The laser spot was focused on the
sample using X 100 objective and numerical aperture NA = 0.9 in the backscattering geometry. The size
of the laser spot was about 0.5 pm with an average power below 0.5 mW.

The electrical measurements were performed by van der Pauw method [16].

3. Results

3.1. Raman Measurements

The epi-ready surface of the 6H-SiC (0001) is composed of flat terraces of about several microns
separated by narrow step edges. Thickness of graphene covering the 6H-SiC (0001) surface may be
determined by Raman spectroscopy. The Raman spectra of pristine graphene consist of two distinctive
modes. The first one is the G mode which is a one-phonon mode of wavenumber close to 1580 cm
originating from the center of the Brillouin zone. The other mode is the 2D one, which is a two phonon
mode of wavenumber 2700 cm 2 originating from the K point of the Brillouin zone. The Full Width

at Half Maximum (FWHM) of the 2D line may be used as a measure of graphene thickness [17].
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The FWHM of the order of 20-30 cm ™! indicate a graphene monolayer. The increase of the FWHM to
40-70 cm~! indicates a bilayer or even three layer graphene. Mapping of the FWHM of the 2D line
is shown in Figure 1. It is seen that terraces of the 6H-SiC (0001) surface are covered by graphene
monolayer. These terraces are separated by step edges which are covered by bilayer graphene. All our
Raman measurements for ion implanted samples have been collected from terraces regions which are
covered predominantly by monolayers.
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Figure 1. The spatial map of FWHM (Full Width at Half Maximum) of the 2D Raman mode. The FWHM
within 20-30 cm ™! shown by black color indicates single graphene layer.

Two other lines, the D at wavenumber 1350 cm ™! and D’ at 1620 cm ™! show up after implantation.
They are so called defect induced Raman modes. Example of the Raman spectrum after ion
implantation is shown in Figure 2 and all four D, G, D’ and 2D lines are shown. The intensity
ratio of the D and G modes I(D)/I(G) is a powerful tool for determination of the density of defects
generated by ion implantation [18].
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Figure 2. Example of the Raman spectrum of graphene after He" ions implantation with ion fluence
1015 cm 2.

Phenomenological model proposed by Lucchese [18] predicts that the I(D)/I(G) ratio upon
increase of defect density increases, reach maximum and next decreases down to some value.
This model may be fitted to the experimental I(D)/I(G) ratio versus ion fluence. This fitting requires
three parameters: the number of defects generated by one incident ion Np, the mean radius of ion
induced defect rg, and the mean radius 74 of the graphene surrounding the defect in which D mode of
the Raman mode is generated. The circular area of width 4 — rs surrounding the defect consists of
graphene neighboring the defect boundary region and thus, is responsible for creation of the D Raman
mode. The distance r4 — rs = 2 nm was taken following [18] for both He* and N*. The best fitting
to the semi-empirical relation I(D)/I(G) versus ion fluence proposed in [18] with experimental data
was obtained for the following fitting parameters: Np = 0.045 and Np = 0.0025 and rs = 1.34 nm and
rs = 1.5 nm for N* and He™ respectively.
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The fitted curves with experimental points are shown in Figure 3. It should be noted that the mean
distance between generated defects Lp can be obtained directly from the defect density according to
formula Np = 1/Lp?2.
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Figure 3. Ratio of intensities of Raman lines I(D)/I(G) versus ion fluence for graphene on 6H-SiC (0001)
bombarded with nitrogen ions (squares) and helium ions (triangles). Solid line represents theoretical
curve of I(D)/I(G) vs. ion fluence according to [18] for Np = 1 and rg = 1 nm. Dotted and dashed
lines represent theoretical dependence of I(D)/I(G) for rg = 1.34 nm and rg = 1.5 nm and ion defect
efficiencies Np = 0.045 and 0.0025 for N* and He™* respectively.

In addition to the information provided by the intensity of the D line, there are other conclusions
which can be drawn from the positions of the G and 2D line. The relation between the 2D and the G
line allows to evaluate the carrier concentration and strain in the graphene [19]. Such diagram of the
2D versus G line position for helium ion implantation at three different fluences is shown in Figure 4.
Experimental points are arranged along parallel lines (shown in Figure 4 as broken lines) for each
implantation fluence. Scatter of points along each line represents the spread of uniaxial strain existing
in the graphene layer [20]. The solid line shown in Figure 4 represents the relation of 2D versus G
for graphene of concentration smaller than 1 x 102 cm~2. The drift of clouds of experimental points
toward higher wave numbers of the G mode (along the dotted line) represents the increase of carrier
concentration [14]. Groups of points shown in Figure 4 correspond to helium ion implantation fluences
of 1 x 108 em™2,1 x 10" cm~2 and 5 x 10 cm~2. It can be seen that with increase of implantation
fluence the “clouds” of points move toward the lower wave numbers of the G mode, which indicates a
decrease of carrier concentration [14].

2690
2688
2686
2684
2682
2680
2678
2676
2674
2672
2670

2D (1/cm)

= le13 He*/cm?
lel4 He*/cm?
* 5e14 He*/cm?

T T 1

1580 1582 1584 1586 1588 1590 1592 1594
G (1/cm)

Figure 4. The Raman 2D mode versus the G mode wave numbers for 1 x 10’3 cm=2,1 x 10'* cm~2 and
5 x 10 cm~2 helium ion implantation fluences. The broken lines represent average of the observed
‘clouds’ of points. The solid line corresponds to slope of 2D versus G equal 2.2 resulting from pure
strain [19], and the dotted line corresponds to slope 0.7 appropriate to strain free p-type graphene [19].
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Finally, the ratio of intensity of I(D)/I(D’) provides information about the nature of defects [21,22].
This ratio was found to be constant and close to 6-7 in the region where the D’ line was observed.
This value indicates that the dominant graphene defects generated by ion implantation are vacancies.

3.2. Electrical Measurements

The Hall measurements have been performed after each step of ion implantation.
Carrier concentration (holes) versus defect density after implantation of both helium and nitrogen
ions is shown in Figure 5. It should be noted that defect density was determined from ion fluencies
and Np values estimated using Raman data as was presented in Figure 3. In addition to the points
obtained from electrical measurements there are also points which were determined from Raman
measurements presented in Figure 5. It can be seen that there is an agreement between electrical and
optical measurements for both types of ions. The carrier concentration is affected by implantation
and decreases by factor of 2 for the highest defect concentration. This suggest that the decrease of
hole concentration versus defect density is probably connected with defects generated inside of SiC
substrate, which acts as deep donors, and therefore create traps of holes from the graphene layer.
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Figure 5. Hole concentration 7, versus defect density obtained from Hall (diamonds) and from Raman
measurements (squares) after nitrogen (solid points) and helium (open points) ion implantation.

The dependence of inverse of carrier mobility versus defect density is a linear function as shown
in Figure 6. This is an indication that the main scattering mechanism is connected to defects generated
by ion implantation. The slope of this dependence is constant and provides information about the
radius of the defect. The same slope for N* and He* implanted ions indicates that the carrier scattering
centres created by ion implantation have the same radius Rp for both ions. However, the logarithmic
dependence of slope on radius of defect given in [23-25] assures that different defects contribute in a
similar way. Equation (1) given in [23-25] for dependence of carrier mobility in graphene on scattering
on neutral centres allows to estimate the radius of generated defects:

1/ = (thNp)/(2e In[(7n)'/? Rp)) (1)

where i is the mobility of holes, Np is the ion induced defect density established from the Raman
measurements, 7 is the hole concentration determined from the electrical measurements, Rp is a radius
of defect which acts as a scattering centre.

First of all, a very good agreement with theoretical model suggests that the main scattering centre
induced by ion implantation are indeed neutral centres. Defect radius Rp = 0.75 nm: obtained from
Hall measurements was found to be smaller than the one estimated on the basis of Raman experiments
and will be discussed later on.
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Figure 6. Dependence of inverse of hole mobility on defect density. Black points correspond to N* and
open triangle points to He* implanted results. Dotted line is a linear approximation of the experimental
points. Dashed and dotted lines represent formula (1) with defect radius Rp = 0.75 nm using Hall
carrier concentration data for N* and He* implanted samples respectively. The offset along the y-axis
shown in insert indicates the presence of other types of scatters which are not created by implantation.

The carrier mobility versus defect distance established from defect density is shown in Figure 7.
It can be seen that for well separated defects (above 50 nm) the ion implantation has a small effect
on mobility value. The value of carrier mobility stays close to the initial 3000 cm?/Vs. For defect
separation bellow 50 nm a strong decrease of mobility with increase of fluence of implanted He* and
N is observed. The mobility decreases by almost two orders of magnitude, which indicates that the
main scattering mechanism is related to defects generated by ion implantation. It should be noted that
there is no difference between N* and He" implantation which indicates that defects generated by
N* and He" have the same nature. Moreover, a very good compliance between the effects of both
applied ions suggests a correct estimation of the ion defect efficiencies for both nitrogen and helium
ions determined from Raman measurements.
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Figure 7. Hole mobility versus defect distance established from defect density. Black points correspond
to N* and open triangle points to He*. The magnified part of graph for low Lp, is presented in the insert.

The region of mobility for high implanted fluences and thus for a small distance between defects
shows that for Lp close to 2 nm the mobility drops to zero. This is a clear indication that for distance
between defects of about 2 nm a transition to hopping regime takes place. This distance is comparable
to the 2rg defect size which is about 2.7-3 nm from Raman and about 2Rp = 1.5 nm from Hall
measurements. It means that most probably the graphene surface was covered by overlapped defects
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and transformed to a significant degree into amorphous carbon structures. This observation supports
conclusion about a rather large size of the ion induced defects

4. Discussion and Conclusions

The probability of creating one defect by one implanted ion is relatively small. The fitting of
the Raman I(D)/I(G) relation shows that this probability is 0.0025 for He" and 0.042 for N* ions.
These small values suggest that defects have to be created by a direct collision of the falling ion with
a carbon atom in the graphene lattice. This is supported by the I(D)/I(D’) ratio which is close to the
value of 6-7. This value suggests that vacancy like defects play an essential role in the ion implantation
process [21,22].

The Stopping and Range of Ions in Matter (SRIM) code was used for simulation of vacancy
generation in the graphene lattice under the assumption that removing one carbon atom requires
21 eV [9]. The number of carbon vacancies produced by direct ion collisions are 0.00246 for He* and
0.034 for N*. Thus, the SRIM simulations are close to the experimental results.

Therefore, it may be expected that as a result of such collisions vacancies are indeed created.
The Rp value established by Hall measurements at 0.75 nm is larger than the size of monovacancy.
However, a missing carbon atom with three dangling bonds from graphene of lattice will not be stable.
Reconstruction of the whole area may lead to a formation pentagon and polygon structure with one
dangling bond. The formation energy of such defect is about 7.5-7.7 eV [26-28] with relatively low
migration barrier of about 1.3-1.5 eV. Hence, the reconstructed monovacancy can migrate creating
divacancy. Reconstructed divacancy may form one octahedron and two pentagons in the so called
5-8-5 defect without dangling bonds. Formation energy of such defect is 7.28 eV [29,30] with migration
barrier about 7 eV [26]. Thus, such defect will be neutral and practically immobile. The diameter of
such a defect is about 1nm, which is of the order of the defect size determined in our experiments.

Defect radius obtained from Hall measurements was about twice smaller than estimated on the
basis of Raman experiments. However, it should be remembered that both methods are based on
different physical phenomena and may probe different aspects of the same defect. Charge carrier
mobility depends on low energy scattering associated with defect. Thus, the Rp may reflect the core of
the defect. The Raman measurements are based on activation of the D mode which is generated in
the unaffected graphene outside of the defect in close vicinity to its limit. So, the Raman is probing
the graphene area outside the defect boundary and may provide another defect size than obtained
from mobility measurements. On the other hand, the distance from the defect limit at which D mode is
activated r4-rs was after [18] assumed to be 2 nm. However, modification of this distance may affect
the defect radius rs determined from Raman according to applied methodology [18].

The decrease of carrier mobility with the increase of defect density tends to zero for distances
between defects of the order of 2 nm. This indicates that for such distances an overlap between defects
takes place and leads to hopping transport. This observation supports the conclusion that the size of
the ion induced defects is rather far larger than the size of a simple vacancy.

Both applied methods Hall mobility and Raman gave basically the same defect size for both
applied ions of helium and nitrogen despite a big difference of their atomic masses and very different
probability of the defect generation in elastic collisions. It suggests that a certain preferred configuration
of the structure of the ion induced defects is created and indicates that the size of this structure is larger
than mono- or divacancy.

The decrease of the carrier concentration with increasing ions fluences is probably caused by
modification of the structure of SiC substrate by implantation.

We have a strong experimental evidence that our data are reflecting electrical properties of
damaged graphene and not SiC implanted layer. We used semi-insulating 6H-SiC (0001), so for
a low implantation range substrate does not influence the measured electrical properties. For the
highest implantation fluences the electrical conductivity of graphene decreases to zero (due to mobility
decreasing to zero). If implantation by He* or N* ions would convert damaged semi-isolated SiC to
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partly conductive layer it would be possible to measure a conductivity of the graphene/SiC system
for the highest implantation fluence. However, this is not the case, the system of graphene/SiC does
not conduct for the highest fluences of He* or N* implanted fluences as well. Doping of SiC by
nitrogen ion implantation usually requires elevated temperature of the implanted sample during ion
implantation process and subsequent annealing at high temperature as was presented in [31,32]. In our
experiments, ion implantation was performed at room temperature and no annealing was applied
after ion implantation. At these conditions SiC most probably was not doped by implanted nitrogen
ions and did not affect electrical measurements.

In conclusion, our results proved that ion beam bombardment generates defects which act
as neutral scattering centers in the graphene diminishing the carrier’s mobility. Defect sizes
estimated with both experimental methods were different, however, of the same order of magnitude.
The differences of defect sizes may be due to the different physical mechanism probed by the applied
methods. However, the obtained defect sizes in both methods were essentially larger than for simple
graphene vacancies. Thus, the most likely, defects generated in implantation process are predominantly
reconstructed divacances or larger vacancy complexes.
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