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ABSTRACT: Doping of graphene via low energy ion implantation
could open possibilities for fabrication of nanometer-scale patterned
graphene-based devices as well as for graphene functionalization
compatible with large-scale integrated semiconductor technology. (A
Using advanced electron microscopy/spectroscopy methods, we show e e
for the first time directly that graphene can be doped with B and N via NI
ion implantation and that the retention is in good agreement with - NN
predictions from calculation-based literature values. Atomic resolution R
high-angle dark field imaging (HAADF) combined with single-atom 02 NI
electron energy loss (EEL) spectroscopy reveals that for sufficiently N -
low implantation energies ions are predominantly substitutionally .
incorporated into the graphene lattice with a very small fraction ¥

residing in defect-related sites.
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D espite its outstanding properties such as high trans-
parency, hlgh carrier mobility (150000 cm?*/(V s)),
ballistic transport thermal conductivity,” and mechanical
strength,® graphene’s potential for device applications is
severely infringed due to the lack of a bandgap leading to
poor on/off ratios. Measures such as reducmg its dimensions
(graphene nanorlbbons and nanodots)* result in the opening of
a bandgap,”® as does the introduction of adatoms, defects
(although this might worsen the high mobilities),” or the
application of an electric field.® Bandstructure tailoring through
electronic doping other than electric gauging or chemical
functionalization would be a major breakthrough. Chemical
methods have significant drawbacks due to lack of control,
contamination and inferred secondary impurities, instability,
and site selectivity. Although successful n-doping with N via the
chemical route and subsequent annealing has been reported”
and N-dopants have been v1suahzed via high-resolution
transmission electron microscopy,'®"" introducing dopants
directly into the lattice in a controlled, pristine fashion via
low-energy ion implantation is highly desirable.

Ion implantation, by enabling flexible small-depth channel
doping, has revolutionized Si- and generally semiconductor-
technology with a most significant economic and societal
impact. Integration of graphene into these technologies will be
a further and major step-up. If ion implantation of graphene
with, for example, N and B was proven to be successful,
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industrial implantation facilities could be refitted with low
energy implantation capabilities, and thus, having control over
ion energies and conceivably using focused ion beams, one
could envisage fabrication of spatially nonuniform graphene-
based materials where N- and B-doped areas can be made. This
presents huge prospect for industrial scale, nonchemistry reliant
functionalization and processing of 2D materials.

Concerning irradiation assisted graphene doping there have
been reports of introducing substitutional dopants via a two-
step process by combining high energy irradiation to form
vacancies with deposition of metals to fill the holes.'* There is
also ample literature on modeling of the effects of ion-
irradiation in graphene (e.g., ref 13) as well as defect studies at
higher irradiation energies. More recently, density functional
theory calculations have focused on low energy ion
implantation of graphene. Ahlgren et al.'* predict that the
optimum irradiation energy of S0 eV leads to substitution
probabilities of 55% for N. Combining this with classical MD
simulations the authors found that the probability for creating
other defects is close to 30—50%. Furthermore the authors also
report that by lowering the implantation energy below the
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Figure 1. (a) High-resolution SuperSTEM BF image of staggered graphene sheets; leftmost is a single layer, followed toward the right by a second
sheet with a rough edge, which, in turn, is followed by further few graphene sheets with partially straight edges. The sample was implanted at 100 eV
with B to a dose of 10"* cm™. The white frame denotes an area in which an EEL spectrum image was taken. (b) Color map of the signal intensity in
the energy regime of the B—K-edge (190—230 eV) extracted from an SI consisting of 65 X 33 pixels with pixel size 0.14 X 0.14 nm” (assigning ~one
atom to each pixel). Pixels where the B—K edge signal is significantly (~3X) above the noise band are red/yellow/white. (c) EEL spectrum showing
the B—K-edge, extracted from a 2 X 2 pixel area denoted by the red circle indicated by the arrow. The B-signal distribution suggests that single B-
atoms and few atom clusters thereof have attached to sheet edges or to monatomic steps as depicted in the sketch in part c.

threshold for creating single vacancies, the vacancies created
while doping can be filled by further dopant atoms to reach a
significantly higher substitution-to-defect ratio. The above
reports of substitutional N-doping of graphene and defect site
formation resulting from low energy ion implantation have yet
to be verified unambiguously via imaging and spectroscopy of
such implants. Very recent experiments carried out by one of
the authors of the present article’ on low energy B- and N-
implantation followed by characterization via X-ray photo-
electron spectroscopy (XPS) and Raman showed that graphene
can indeed be doped under incorporation of N into the
graphene lattice and that damage is introduced, but to a much
lesser extent than with higher implantation energies (the results
from accompanying calculations are referred to in the Methods
section). Again, direct evidence of sites and distribution of
individual dopants is lacking. The combination of electron
microscopy and electron energy loss (EEL) spectroscopy can
provide not only information about the nature and site of an
individual impurity atom, but also about its bonding state.'
EEL spectroscopy in conjunction with lattice imaging has
previously been applied to study the mechanism of electron
beam damage in an electron microscope (typically at energies
>100 keV) in nitrogen-doped graphene and carbon nano-
tubes,'” but as yet there has been no assessment by electron
microscopy (with e-beam energies below the carbon displace-
ment threshold) of low energy ion-doped graphene.

Here we report on B- and N-ion implantation of free-
standing graphene with ion energies from 200 down to 20 eV,
and on imaging and EEL spectroscopy measurements in
aberration corrected transmission electron microscopes with e-
beam energies of 80 down to 60 keV (see Methods section).
For the case of 200 eV N-implanted samples the overall N-
retentions range from ~5 to 15% of the implanted dose. It
should be noted that EEL spectra were obtained from areas of
the order of 1000 nm? including ubiquitous contamination. For
the 100 eV B-implanted samples the retention rose to 50%;
again the measurements included contaminated areas. In largely
contamination free areas the retention was significantly less, of
the order of 15%. We investigated pristine graphene areas in
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detail via EEL spectrum imaging carried out in a dedicated
scanning transmission electron microscope (STEM). The area
shown in Figure 1a consists of staggered graphene sheets with a
single sheet protruding at the sample edge. The composition
map highlights B-atom signals by red/yellow/white pixels
(Figure 1b). The position of these signals was derived from the
integrated intensity of the EEL signal in the energy range 190—
230 eV (Figure 1c). Red/yellow/white pixels have B—K-edge
signals, and the yellow/white colors indicate signals 3X higher
than the noise band. The pixel size of the spectral map is 0.14
nm X 0.14 nm; hence each pixel encompasses the area of an
atom. B-atoms are seen along edges of the graphene sheets and
at creases. The EEL absorption edge in contamination-free
areas is lacking the 7* peak in the energy region 192—195 eV
(Figure Ic) in contrast to large-area B-EEL spectra; this feature
is commonly ascribed to B—O-, B—N-, or pyridinic bonds of B
in carbon nanostructures."® >° The question remains how and
if ions implanted at energies >100 eV are incorporated into the
graphene lattice. The observations in Figure 1 suggest that the
majority of implants in clean patches attach to defect states like
graphene edges. Further atomic resolution HAADF imaging
combined with atomic resolution EEL spectroscopy (see below
for details) of samples implanted as above did not reveal
implanted ions residing in the pristine graphene lattice. It can
thus be assumed that ions penetrate pristine graphene at
energies >100 eV and are only retained in “thicker” regions,
that is, in contamination and at graphene edges in multilayers,
as well as in the multilayers themselves,”® like in the region in
the right-hand top corner of the white-framed box in Figure la.

To ensure ion incorporation, a lower implantation energy of
25 eV, as theoretically discussed,"* has been employed, and a
combined high-resolution STEM and EEL study of atomically
clean graphene has been carried out. This proves the Ahlgren'*
predictions, namely, incorporation of ions into graphene lattice
sites with minimum damage (substitutional or in ion-vacancy
complexes) for the case of N ions implanted at energies <50
eV. Due to its ~Z* contrast dependency, HAADF imaging is
ideally suited for visualization of foreign elements in single
graphene layers. Although B is only one element down and N is
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Figure 2. (a) Double Gaussian filtered atomic resolution HAADF image of a substitutional B-atom in graphene (for process details see Methods
section); (b) raw HAADF signal obtained from the framed area in (a) simultaneously with the EEL spectrum image in c. The B-atom can be seen to
have a lower intensity than the C-atoms, according to the Z* intensity relationship in HAADF images; (c) EEL spectrum image intensity in an energy
window (190—220 eV) around the N—K edge, representing an atomic boron map (“temperature” color scale, blue/green: low intensity, yellow/
white: high intensity); (d) sum of spectra extracted from pixels of the spectrum image represented in part d of the area around and including the B-

atom.
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Figure 3. (a) Double Gaussian filtered atomic resolution HAADF image of a substitutional N-atom in graphene (for process details see Methods
section); (b) raw HAADF signal obtained from the framed area in part a simultaneously with the EEL spectrum image in c. The N-atom can be seen
to have higher intensity than the C-atoms, according to the Z* intensity relationship in HAADF images; (c) EEL spectrum image intensity in an
energy window (400—420 eV) around the N—K edge, representing an atomic boron map (“temperature” color scale, blue/green: low intensity,
yellow/white: high intensity); (d) sum of spectra extracted from pixels of the spectrum image represented in d of the area around and including the
N-atom.

one element up from C in the periodic table, the contrast ratios components. Furthermore the implanted ions appear to be
should scale as 25:36 and 49:36, respectively; hence B should stable as evidenced from repeated STEM scans, during which
be ~30% darker and N ~36% brighter than C. This is indeed both N and B remained in identical lattice positions. In the

observed in Figure 2ab for B and in Figure 3ab for N in following we present more detailed results of N-implants. We
pristine graphene patches. The respective EEL spectra (Figures found that the overall retention (over a total investigated area
2d and 3d) undoubtedly confirm the presence of a B and an N of ~1000 nm”) rose to 100% for the 25 eV implantation
atom in the graphene lattice. Individual substitutional energy; however, when focusing on pristine graphene patches, a
incorporation of B atoms directly into the graphene lattice retention of only ~15% was measured. This suggests that the
has not been demonstrated until now. P-doping has so far only large majority of implants reside within/underneath graphene’s
been reported via adsorbates (e.g, ref 21) or charge transfer surface contamination. The reason for this might be that the
between graphene and a substrate.’’ >* The achievement surface contamination, presenting a thicker than monolayer
reported in this article is the success with controlled, direct target, results in more ions being stopped.

substitutional, extrinsic p-doping, which adds significant Contrast profiles taken along rows of C-atoms, containing an
flexibility to the use in and fabrication of electronic N atom, agree extremely well with the above expectations from
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HAADEF intensity ratios. Intensity distribution statistics for N
were obtained from a number (~12) atomic resolution
HAADF images, like the one shown in Figures 3a and 4a.
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Figure 4. Atomic resolution HAADF image of graphene implanted at
25 eV with N to a dose of 2 X 10'* cm™ (a) showing raw data and (b)
obtained by deconvolution of image a as described in the text. The
patches in the top left and bottom right corners are ubiquitous
contamination; N-atoms (here all substitutional) show up as brighter
contrast spots (encircled) in a and as orange spots in the false color
image in b, where colors are assigned on a temperature scale with
increasing intensity represented by the color sequence ranging from
blue (thin regions or low atomic number) over orange to yellow/white
(thick regions or high atomic number); (c) intensity histogram of C-
and N-atoms, the latter having intensity values >2¢ larger than C-
atoms (set at the value of 1); (d) pristine graphene patch
(deconvolved image as in b) with an N-atom adjacent to a vacancy
and a substitutional N-atom. Model sketches are shown below. An
intensity trace along the dotted line is overlaid on image d, showing
the expected 1.4X enhancement at the N-atom.

Additionally EEL spectra were acquired from individual N-
atoms, and HAADF images of the EEL spectrum image region
are taken simultaneously with the EEL acquisition (Figure 3b
and c). The N—K-edge was always observed in EEL spectra
extracted from regions at/on N-atoms in the spectrum images
(Figure 3d).

To obtain N-concentrations, the intensity profiles of atoms in
a number of HAADF images (amounting to several thousand
atoms) were obtained and plotted as histograms. This was done
in various ways including line profiling and using an algorithm
that locates the maxima in a small region centered on each
atom (see Methods section for details). Plotting the data on a
histogram the C-atom distributions in all HAADF images
showed a consistently similar Gaussian distribution and a clear
separation of the nitrogen “outliers” (see Figure 4c). Peak
fitting of the histogram with a Gaussian curve gave a peak
center of 0.9492 and 6 = 0.1323 (+14% spread around the
center). If the criterion for the existence of a nitrogen atom is
given by its intensity position being more than 26 remote
(toward the higher end of the scale) from the carbon peak
intensity position, we find there are five nitrogen atoms in a
total of ~530 carbon atoms in the image in Figure 4a. This
represents a doping level of around 1% and agrees well with
visual inspection, where the five possible nitrogen atoms are
significantly brighter than their surrounding carbon atoms. The
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image intensity increase measured at these atoms yields an
intensity ratio Iogen/ Lcasbon Of 1.3—1.5—s0 N-atoms are ~30—
50% brighter than C-atoms—which complies well with that of
1.36 from Z* ratios. Fully automated detection of the peaks
gives similar results with ¢ = 0.1167 and the center at 0.9969
resulting in a similar doping level of around 1%. Atoms with an
intensity larger than 2 o of that of the center have been labeled
in Figure 4a and b. An example of the intensity difference of N-
and C-atoms is shown in the overlaid HAADF intensity profile
in Figure 4d; it was taken along the underlying dashed line. The
N-concentration in this particular area is 0.5%. This is
significantly lower than predicted; however, the average
concentration of ~1% of many clean graphene patches is in
better agreement with the predicted 5%. The fact that the N-
distribution is nonuniform is surprising and requires further
investigation; shielding and deflection of the low energy ion-
beam due to charging of the contamination could play a role, as
well as preferential incorporation in defected or contaminated
regions, for example, at vacancies, edges, and adatoms. A
number of N-atoms have been observed at sites of vacancy
defects. An example is shown in Figure 4d where a nitrogen
atom sits at the edge bordering a vacancy defect. Such defects,
however, are not stable in repeated scans in the STEM; hence it
is questionable, whether they have formed with e-beam
assistance at N-sites in the first place. The overall defect
concentration is <1% of the original implantation dose and less
than 10% of the retained N-fraction. The large majority of
implanted N-atoms was observed in substitutional sites. This
may prove the predictions by Ahlgren et al.'* that, by lowering
the implantation energy, the vacancies created while doping can
be eliminated via subsequent filling with dopant atoms and thus
reach a significantly higher substitution-to-defect ratio.

In conclusion we have shown via atomic resolution imaging
and nanoscale EEL spectroscopy, which in the new generation
dedicated STEMs can be carried out at the single-atom level,
that B and N can be implanted into graphene. Aside from
incorporation into surface artifacts/contamination it was found
that at implantation energies between 100 and 200 eV ion
retention in pristine graphene occurs mainly within few-layer
patches and at edges of staggered sheets, but not notably in
single layers. At energies below 50 eV, however, ion-
implantation deposits atoms in single layer graphene. Direct
observations of individual N- and B-atoms via atomic resolution
HAADF and single-atom EEL spectroscopy proved incorpo-
ration of these dopants into the graphene lattice. Statistical
evaluation in the case of N showed an average retention of
~16% with over 90% of this retention constituting substitu-
tional nitrogen. Whereas successful n-type doping of graphene
with nitrogen, albeit via chemical methods, has been suggested
in the literature, extrinsic substitutional p-type doping is
currently still questionable. We provide direct proof that this
is possible with boron. Importantly, both B- and N-doping can
be achieved via nonchemical processes used in commercial
semiconductor technologies. Although the electronic properties
resulting from the ion implantation need to be further
investigated, our results demonstrate that ion implantation
shows huge prospects for large-scale controlled and flexible
doping of graphene and, generally 2D materials, providing a
method compatible with those in IC technologies.

Methods. Ion implantations of N and B were carried out at
the implanters at the Surrey University lon Beam Centre (200
eV), at the Salford University low energy implantation facility
(100 eV; base pressure ~2—3 X 107® Pa), and at the Gottingen

dx.doi.org/10.1021/nl402812y | Nano Lett. 2013, 13, 4902—4907



Nano Letters

mass selected ion beam deposition system (25 eV), routinely
used for low energy ion beam deposition of diamond-like thin
films.”>?® To achieve the ultralow energies in the latter system,
a 30 keV mass selected '*N* ion beam is decelerated toward the
graphene target down to an energy of 25 eV. Before
deceleration, the beam is deflected to eliminate possible
neutralized ions, and a beam sweep ensures a uniform profile
over an area of 1.5 cm” The deceleration bias voltage is set
relative to the ion source anode potential, so that 25 eV is the
maximum ion energy with a few electron volts wide tail toward
lower energies. The vacuum during irradiation was 2 X 107¢ Pa.
Graphene layers on TEM grids were irradiated at room
temperature and a fluence of (2 + 1) X 10" cm™. The
uncertainty arises because the beam size after deceleration is
not precisely known.

The implantation process into graphene was simulated with
the Monte Carlo program SDTrimSP,”” which is designed for
atomic collisions in amorphous targets in particular to calculate
low energy processes such as sputtering. We simulated ion
impact on an amorphous carbon layer of 3 X 10'° atoms/cm”
(the atomic areal density of a single graphene layer) and
perpendicular ion incidence. A C-atom is ejected from the layer
if its recoil energy component perpendicular to the layer
exceeds a typical surface binding energy of ~7.4 eV. For N-ions
possessing an energy of 25 eV about 50% of the ions should
remove a C-atom and will be incorporated into the sheet; the
rest is transmitted. For an implantation fluence of (2 + 1) X
10" cm™ this means that approximately 1.5—5% of the C-
atoms should be exchanged by N-atoms. This is somewhat
higher compared to our observations of an N-atom content of
around 1%. One reason for the discrepancy may be the regular
graphene structure compared to the amorphous layer in the
simulation. Also shielding and deflection of the N ions due to
surface contaminations may play a role.

Microscopy images and electron energy loss (EEL) spectra
were acquired at the SuperSTEM Laboratory on Nion (VG
HBS501, retroffited with a Nion aberration corrector and
UltraSTEM100) dedicated ultrahigh vacuum scanning trans-
mission electron microscopes®® equipped with cold field
emission guns with a native energy spread of 0.3—0.35 eV
and operated at 80 keV (VG HBSO1) and 60 keV (Ultra-
STEM) to prevent knock-on damage to the graphene samples.
Additional energy filtered imaging and EEL spectroscopy was
carried out on a triple aberration-corrected, monochromated
TitanPICO at 80 keV in the Ernst Ruska Centre, Juelich. For
atomic resolution high angle annular dark field (HAADF)
imaging on the Daresbury SuperSTEM instruments the
estimated probe size (full width at half-maximum) was 1.2 A.
The HAADF detector used to record the Z-contrast images had
inner and outer radii of 86 and 190 mrad, respectively: in these
conditions, the intensity recorded with the probe positioned on
an atomic site is approximately proportional to the square of
the average atomic number Z of this site.”” EEL spectra and
spectrum images of subnanometer areas surrounding few atoms
were recorded with a Gatan Enfina spectrometer; spectra of
larger areas following observations at the TitanPICO were
obtained with a Quantum Gatan Imaging filter.

HAADF images were processed using a double Gaussian
filtering routine as described by Krivanek et al.*>*" In our case
the fwhm of the inner Gaussian was adjusted per image with a
typical fwhm of 0.8 A and that of the “tail” Gaussian to
approximately double this width. The intention of this
procedure is to remove intensity effects of the e-beam probe
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tail from the center of the benzene rings, so that these possess
the intensity of empty space, that is, the background intensity.
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