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We present an in sifu method of n-doping graphene by exfoliating in an N-ambient. By exfoliating
single-layer graphene in a nitrogen-rich environment, the dopant specie plays an active role in
minimizing C—C reconstruction that typically occurs at the moment of defect generation. Employing
such in situ methods provides an efficient mechanism of passivating defects produced during
graphene growth and transfer, as well as a means of controllably incorporating dopant species into
the graphene lattice. © 2011 American Institute of Physics. [doi:10.1063/1.3562018]

Graphene, a single layer of sp? hybridized carbon atoms,
has gained increasing interest as a candidate for nanoscale
devices, exhibiting ultrahigh mobility1 and tunable carrier
concentration.’ Being an atomically thin system, innovative
methods for controlled and efficient embedding of dopant
species into the graphene lattice are needed to optimize its
conductance at nanoscale dimensions. During “in situ” dop-
ing, we aim to introduce dopant species during either the
growth or transfer step. Graphene growth, either by sublima-
tion of Si from SiC (Ref. 3) or chemical-vapor deposition
(CVD) (Ref. 4) can provide unique avenues for doping
graphene, where passivation of fresh defect sites can occur at
the time of generation. Postgrowth, graphene can be trans-
ferred to arbitrary substrates and is an attractive method to
obtain large-area graphene sheets. In this work, graphene is
exfoliated in nitrogen ambient to induce n-type doping, and
demonstrates the possibility of doping graphene during the
transfer process.

A number of doping methods for graphene have been
previously explored, the majority of which have focused on
surface charge transfer to the graphene sheet. These doping
methods have been shown to have a relatively weak charge
contribution, about 0.003 carriers per basal atom,”’ typically
limiting the induced -carrier concentrations to around
10'? cm~2. Doping from adsorption of gaseous oxygen and
water vapor,” ammonia, and carbon monoxide’ have been
previously explored. Doping from charge transfer of films of
various metals,g’9 polymer electrolytes,10 diazonium salts,11
aromatic molecules,'” and polyethyleneimine]3 have been
explored. It has been previously s.ugges.ted14 that nitrogen
edge functionalization, by means of electrically annealing
graphene nanoribbons in an ammonia environment is
capable of inducing moderate n-type carrier concentrations.
Similar methods of n-type doping through nitrogen defect
passivation on the basal plane of graphene sheets have been
probed by reduction in graphene oxide in an ammonia
environment,15 introduction of ammonia to the CVD
growth process,16 arc discharge in an H, and ammonia
environment'’  and exposure to a low-power ammonia
plasma.18 Most previous methods rely on postgrowth doping,
which is inherently weaker than the in situ doping method
demonstrated in this work. In addition, in some of these
methods, increased carrier concentration comes at the cost

“Electronic mail: raghu@gatech.edu. Tel.: 404 385 6463.

0003-6951/2011/98(11)/113115/3/$30.00

98, 113115-1

of an increased basal plane defect density, characterized by
the emergence of a prominent D-peak19 during Raman imag-
ing and poor mobilities of 200-400 cm?/V s.'°

Graphene devices in this work are exfoliated (from Kish
graphite) onto 300 nm of thermally grown SiO, on highly-
doped silicon (to serve as a back-gate). Cleaning of the sub-
strate is preformed prior to exfoliation—the substrate is
baked for 1 h at 400 °C in a nitrogen ambient (N-ambient).
An N-ambient is produced using a Terra Universal Dual
Purge system. Relative humidity is monitored in sifu and
kept below 5% using a 4700 SCCM (SCCM denotes cubic
centimeter per minute at STP) high-flow purge of N,. An
internal positive pressure of ~180 mT is maintained. Exfo-
liation of the graphene sheets is carried out in the same
N-ambient, without removal of the substrate, using a proce-
dure similar to exfoliation in air.” The substrate is then re-
moved from the N-ambient and monolayer and few-layer
graphene devices are identified optically and verified using
Raman spectroscopy. All processing steps postexfoliation are
kept below 200 °C to ensure that nitrogen passivated bonds
remain intact. Nitrogen passivation has been previously
probed20 using x-ray photoelectron spectroscopy and shown
to have binding energies on the order of
400 eV, making it robust throughout the processing tempera-
tures used in this work. Contact metallization is patterned
using electron beam lithography and a metal evaporation of
Ti/Au (20 nm/80 nm) followed by a liftoff procedure. The
devices are then pumped for 24 h at a pressure of 1.5
X 107 Torr before performing four-point electrical testing
under vacuum. A pulsed gating technique21 is used to mini-
mize hysteresis from previous gate sweeps and identify true
values for the minimum conductivity point (Vg ). A
double-sweep of the gate voltage is performed on all devices
to verify the suppression of the hysteresis and V,, ., stability
with multiple sweeps. Scanning electron microscope (SEM)
images are taken postelectrical testing to determine graphene
flake widths.

Electrical testing results of two representative devices
are shown in Fig. 1(a)—these devices are on the same sub-
strate; both devices are n-doped but the carrier concentration
at zero gate bias is different between the two. The corre-
sponding SEM images of the graphene flakes are shown in
Fig. 1(b). The devices are found to exhibit mobilities in ex-
cess of 5000 cm?/V s. Raman spectroscopy is performed on
the graphene basal plane Fig. 1(c). The lack of a D-peak for

© 2011 American Institute of Physics
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FIG. 1. (Color online) (a) Four-point electrical data from two devices post-
exfoliation in a nitrogen environment. The devices exhibit V, ;, locations
of =23 Vand —7 V for Device 1 and 2, respectively. (b) SEM images of the
graphene flakes for Device 1 and 2 revealing widths of 1 wum and 6 um,
respectively. The narrower line-width of Device 2 is found to exhibit a larger
n-type shift. All SEM images are taken postelectrical testing (c) Raman
spectroscopy is performed on the basal plane of all devices. The absence of
a D-peak indicates that the exfoliation process maintains the crystalline
quality of the graphene ribbon, and that the edge is the primary source of
charge donation.

the devices studied in this work indicates that a pristine basal
plane, with minimal defect density, is maintained when using
this method.

Multiple in situ doped graphene devices across four
separate process batches are fabricated and tested for their
electrical response. Electrical measurements of all devices
reveal n-doped graphene, from the negative values of Vg,
Fig. 2(a). The position of Vg min @s a function of flake width
is plotted, Fig. 2(b). A trend of increased n-type doping with
reduced flake dimensions is observed for all devices within a
batch, indicated by dashed lines. Since the number of edge
dopant species remains fixed with width scaling, an increas-
ing n-type carrier concentration is observed. The n-type dop-
ing of graphene ribbons (GR) is attributed to nitrogen passi-
vation of dangling o-bonds along the ribbon edge—these
dangling bonds are thought to occur at the time of cleaving
during the exfoliation process. It can be seen that there is a
small V, ., offset between substrates. This variation is at-
tributed to basal plane doping from process-related residues
which, despite thorough cleaning, induce a small background
doping level. Though this doping offset varies between pro-
cess batches, it is reasonable to assume that it remains fixed
within a single batch since the substrate and all devices fab-
ricated atop it are exposed to identical process conditions.
Additionally, devices of similar widths but within the same
substrate exhibit comparable doping, indicating little spatial
variation in doping within a given substrate.
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FIG. 2. (Color online) The location of V., for graphene devices exfoliated
in a nitrogen environment. (a) The resulting electrical testing of multiple in
situ doped graphene devices, fabricated across four separate process batches.
The different locations of V ;, are attributed to variations in flake widths.
Devices exhibit mobilities ranging from 1000-7000 cm?/V s. (b) The po-
sition of V,, ;, for in situ doped devices as a function of flake width. A trend
of increased n-type doping, indicated by a negative shift in V, ,, with
reduced flake width is observed for all devices within a batch (indicated by
a dashed-line). This shift is attributed to the increasing carrier concentration
donated by the ribbon edge. Since the number of edge atoms, and conse-
quently carriers donated by the edge, remains fixed as the ribbon width is
reduced, the carrier concentration from the edge increases.

Graphene defect sites can undergo various C-C recon-
structions in an attempt to form a stable lattice. In terms of
defect passivation with foreign elements, zigzag edges are of
greater significance than armchair edges due to their large
density of states near the Fermi level.””*° This has been
verified experimentally through scanning tunneling micros-
copy imaging along the edge of graphene sheets. ! Zigzag
edges with dangling o-bonds are not stable and have a natu-
ral tendency to undergo reconstruction in the form of two
adjacent hexagons transitioning into one heptagon and one
pentagon.zg_3 "For this reason, when attempting to passivate
defects of fresh graphene vacancies, the choice of element
for passivation must provide an energetically favorable alter-
native to C—C reconstruction. Nitrogen passivation of dan-
gling bonds has been shown to be capable of providing a
stable alternative.”>>* In addition to this, it has been
shown®*** that incorporation of nitrogen into the graphene
lattice is most energetically favorable along the ribbon edge,
providing in situ nitrogen doping with an inherent spatial
selectivity of decorating only the edge of the GR. Doping
using this method occurs throu§h the generation of
pyridinic-N and pyrollic-N lattices, % who donate 1 and 2
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conducting electrons to the m-system, respectively.

In situ doping of graphene is especially attractive as a
counterpart to the growth or transfer of graphene from vari-
ous substrates (postgrowth) such as SiC, Cu,'® Ni.** Defects
are currently an unavoidable reality to the fabrication of
graphene devices. Defects have been shown to be generated
during the growth of epitaxial graphene,36 CVD growth and
transfer,' the reduction in graphene oxide,” the tailoring of
graphene via etching,38 and exposure of graphene to electron
beam irradiation.*® It has been shown™® that stable, unPassi—
vated, basal-plane defects in the form of Stone—Wales*' con-
figurations and interstitial-vacancy recombination*” can
readily exist in graphene sheets. These defects induce short-
range scatters to the material, whose role is to limit
mobility43 at high carrier concentrations. It has been
observed** that in the event of defect generation in vacuum,
C—C reconstruction will occur rapidly, with a stable unpassi-
vated defect site forming in a matter of seconds. The in situ
doping method presented in this work demonstrates that by
performing the graphene growth process in an environment
rich with the passivating specie, passivation at the time of
defect generation can lead to an efficient conversion of un-
passivated defects to dopant sites, with unique opportunities
for spatial selectivity. By employing in sifu doping of edge
defect sites alone, n-type carrier concentrations on the order
of 1.5X 102 ¢cm™2 can be observed while maintaining high
mobility. Edge doping is speculated to provide a robust,
long-term doping mechanism for graphene, given the ener-
getically stable structure of an N-passivated edge. Postpassi-
vation, the edge is predicted to become chemically inert, and
provide a constant doping, excluding the breaking of N-C
bonds or generation of fresh defects.

In conclusion, it is shown that in situ doping methods are
highly attractive for the efficient incorporation of dopant spe-
cies into the graphene lattice. By carrying out the exfoliation
of graphene in a N-ambient, the dopant specie can play an
active role in minimizing C—C reconstruction by passivating
defect sites, thereby producing n-type GRs. The presence of
the passivating specie at the moment of defect generation is
thought to be essential to the minimization of un-passivated
defect sites, whose only role is to limit graphene’s mobility.
In situ doping methods are highly attractive as counterparts
to the growth and transfer processes, where natural kinetics
can be exploited to provide unique avenues for the direct
embedding of dopant atoms, an opportunity lacking in post-
growth doping methods.
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