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Our detailed Raman, non-linear optical, and photoemission spectroscopic studies
evince that the N-dopant configuration in graphene (blue-pyridinic, orange-

graphitic, and red-pyrrolic) can be effectively tuned to mitigate electron-defect
scattering.
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Controlling optical and electronic properties of graphene via substitutional doping is central to
many fascinating applications. Doping graphene with boron (B) or nitrogen (N) has led to p- or
n-type graphene; however, the electron mobility in doped-graphene is severely compromised
due to increased electron-defect scattering. Here, we demonstrate through Raman
spectroscopy, nonlinear optical and ultrafast spectroscopy, and density functional theory that
the graphitic dopant configuration is stable in graphene and does not significantly alter

electron-electron or electron-phonon scattering, that is otherwise present in doped graphene, by

preserving the crystal coherence length (L,).

Introduction

The discovery of graphene, a two-dimensional atom-thick
sheet of sp® hybridized carbon atoms,' has led to the
experimental realization of quantum mechanical phenomena
such as the quantum Hall effect at room temperature,’
quantized optical transmittance,” non-local hot carrier
transport,and Klein tunneling.’ More importantly, the
distinctive combination of high electron mobility (x), optical
transparency and gate/dopant-tunable carrier density makes
graphene an ideal platform for a multitude of photonic and
optoelectronic applications over a wide range of frequencies.
To truly harness the potential of this combination and make
graphene-based efficient optoelectronic devices a reality,
energy transport and relaxation pathways of photogenerated
carriers in graphene must be tuned appropriately. Defects in
graphene are often considered as “performance limiters” since
they deteriorate the electron mobility. For example, epitaxial
and mechanically exfoliated graphene possess exceptional u
~15,000 cm®V 's !, whereas their chemical vapor deposition
(CVD) grown counterparts exhibit much lower values ~1-5000
em®V's™! due to the inherent presence of defects.® Such
deterioration in w primarily arises from the extra electron
scattering terms introduced by grain boundaries and defects.
Indeed, u# in CVD grown doped graphene is highly
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compromised compared to that in pristine graphene due to the
presence of additional scattering by the substituted dopants and
related defects.” Although there is much effort focused on
reducing defects in graphene to improve g, it should be realized
that defects provide an excellent handle and probably the only
intrinsic way to control energy transport in graphene. In
optoelectronic devices, when photoexcited electrons are
scattered by phonons or defects, energy transferred to the lattice
is dissipated as heat decreasing the net energy transported
through charge carriers to drive a circuit. In the current scenario
of graphene optoelectronic devices, a critical challenge is to
increase the net charge carrier density and quench electron-
defect relaxation pathways to extend photogenerated carrier
lifetime. A new energy transport regime in graphene can be
realized if electron-defect scattering mechanisms are efficiently
quenched.

In this context, it is imperative to identify ideal dopant
concentration and configuration in graphene for which the net
carrier density (n) can be enhanced (without adversely affecting
00 with quenched electron-dopant scattering mechanisms.
Previously, heteroatomic doping was found to result in many
changes in the electronic structure of graphene in addition to
simply shifting the Fermi level.® For instance, N-doping in
CVD graphene resulted in a bandgap due to the suppression of
electronic density of states near the Fermi level and a
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consequent reduction in 0% It is well known that N atoms
can be substitutionally doped in the graphene lattice either in
the pyridinic, pyrrolic or graphitic configurations (see Fig.
12).5'® Our density functional theory (DFT) calculations,
described in this article, show that all the three-dopant
configurations (pyridinic, pyrrolic, and graphitic) are stable
structures with a positive energy (> 9.5 eV) released during the
formation with graphitic dopants exhibiting the highest
stability. In previous studies, we uncovered a strong correlation
between the N bonding configuration and the accompanying
vibrational properties of N-doped CVD graphene:’ the N atoms
bonded in the non-graphitic configurations (pyridinic and
pyrrolic, observed using X-ray photoelectron spectroscopy or
XPS) resulted in intense Raman D and D’ bands unlike the N
atoms bonded in the graphitic configuration, even though the
concentration of N dopants was higher in the latter case. Since
dopant scattering is one of the dominant factors, which limits
the photo-response and electron mobility in doped graphene, it
behooves us to investigate the influence of graphitic dopant
configuration on the electronic and optical properties of doped
graphene for improved device performance. The optical and
nonlinear optical (NLO) properties of graphene arise mainly
from the inter- and intra-band transitions, and are therefore
ideal for probing dopant-induced changes in the electronic band
structure of graphene. In tandem with NLO studies, ultrafast
pump-probe measurements determine how electron-electron
and electron-phonon scattering times (7 [Jand 7 [Jthat
determine zero-field mobility ) vary as a function of crystal
coherence length (L,) in N-doped graphene. This article
juxtaposes data gathered from DFT, Raman, XPS, NLO, and
ultrafast spectroscopic studies and concludes that graphitic
dopant configuration in N-doped graphene preserves the crystal
L,, 7 ,0and 7, similar to those in pristine graphene. These
findings are apt for graphene-based applications such as
optoelectronics, mode locking and pulse shaping.'?

Materials and methods

N-doped bi-layer graphene synthesis

The N-doped bi-layer graphene used in this study were
grown on Cu foils using a previously reported thermal CVD
technique.’ Briefly, Cu foils (5 mm x 20mm) were placed in a
1" diameter quartz tube furnace and heated to 1000 °C in 50
sccm of H, and 450 sccm of Ar flow. Next, 2 sccm of methane
was bubbled through a mixture of benzylamine and acetonitrile
into the furnace for 30 min, and the samples were cooled to
room temperature under flowing H,, Ar, and CH4.The doped bi-
layer graphene films formed on Cu foils were then spin-coated
with 4% poly-methyl methacrylate (PMMA) in anisole.
Subsequently, the Cu foils were etched away using Transene
Inc., CE-100 etchant and the bi-layer graphene attached to
PMMA was carefully washed in 10% HCI and de-ionized
water. Finally, the washed samples were transferred to 0.5 mm
thick quartz substrates and annealed at 450 °C in Ar (300 sccm)
and H, (700 sccm) for 2 hrs to remove the residual PMMA. By
varying the volume percent of benzylamine and acetonitrile as
50:50, 0:100, and 75:25 several N-doped graphene samples
were prepared with three N concentrations (Fig. 1a), which are
referred below as S1 (pyrrolic), S2 (graphitic), and S3
(pyridinc), respectively. For each concentration, at least three
sister samples were used in our spectroscopic studies.
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Open aperture Z-scan

To quantify the absorptive nonlinear characteristics for each
of three concentrations S1-S3, open aperture Z-scan technique
was employed in both the ns and fs excitation regimes with the
excitation source being a) 5 ns Gaussian pulses of 532 nm from
a Q-switched frequency doubled Nd:YAG laser, and b) 100 fs
Gaussian pulses of 800 nm from are generatively amplified
mode-locked Ti:Sapphire laser. The incident laser pulses were
divided into two by a beam splitter, and the reflected beam was
measured by a pyro-electric detector (RjP-735, Laser Probe
Inc.) to correct for the pulse-to-pulse energy variations during
data acquisition. Using a converging lens, the transmitted beam
was focused onto the sample that was mounted on a computer-
controlled translational stage. Through repeated knife-edge
measurements, the beam radius at the focus was calculated to
be ~20 um and ~16 pum for ns and fs excitations, respectively.
The beam propagation direction was taken as z with z=0 being
the focus. The input intensity/fluence is different at each z point
due to the variation in the cross-sectional area of the focused
beam. By translating the sample from —z to +z and measuring
the sample transmission at each z point, intensity dependent
transmission characteristics of each sample was determined.
The measured Z-scan curves, which are plots of sample
position vs. transmittance, were analyzed and the coefficients of
nonlinearity were obtained from the best-fitted data.

Ultrafast degenerate pump-probe measurements

The ultrafast pump-probe measurements were carried out
using 50 fs laser pulses with central photon energy of 1.57 eV
derived from a Ti:Sapphire amplifier (Spitfire, Spectra Physics
Inc.) operating at a pulse repetition rate of 1 kHz. The spot size
(half-width at 1/e maximum) on the sample where the pump
and probe beams overlap was kept at (1600 um and 400 pm,
respectively. The pulse width at the sample as determined using
a thin beta-barium borate (BBO) crystal was ~70 fs.
Polarizations of the pump and probe beams were kept
perpendicular to each other to prevent scattered pump light
from reaching the detector. The pump and probe beams were
incident to the sample normal at a small angle of ~3 degrees
between them to maximize their interaction, and their energies
were maintained as 12 pJ and 23 nJ, respectively. The pump
beam was modulated at 383 Hz using a mechanical chopper and
the transmitted probe intensity was measured using a Si-PIN
diode with lock-in detection.

DFT Modeling

The three types of dopant configurations along with their
electron density profiles have been analyzed through density
functional theory (DFT) based atomistic tool kit virtual nano
lab.""" For this computational modeling, the exchange
correlation energies have been defined through generalized
gradient approximation with revised Perdew Burke Ernzerhoff
type parameterization, wherein the valence electrons were
described by localized pseudo atomic orbital’s (PAOs) with
double-C polarized basis set. A large plane wave mesh cut-off
of 150 Ryd is used throughout the calculation with 1 x 10 x 10
k-point sampling to achieve the total energy convergence. In
full course of optimization, the run was performed with
maximum force tolerance set at 0.05 eV/A and electron
temperature 300 K. To verify the structural stability of pristine
as well as doped (graphitic, pyridinic and pyrrolic) graphene,
the binding energy of the system has been calculated.
Formation energy is defined as the energy released on the

This journal is © The Royal Society of Chemistry 2012



RSC Advances

formation of structure from free atoms and its positive value
shows that the sheet is stable after introducing the dopants. It is
calculated using the following equation E¢,~=Egqg-Eqgtn mc-
nymy, Where Ey, and Egq, are total energies of defected and
defected-doped graphene (containing dopants and other defects
such as vacancies as in the case of non-graphitic dopants). ny
and ny are number of carbon vacancies and nitrogen dopants
respectively while mc and my are the chemical potentials of
carbon (in graphene) and nitrogen.

Results and Discussion

In a heuristic picture, graphene may be viewed as a two-
dimensional electron gas system (2DEG) whose Fermi wave
vector (kr) (and hence the wavelength A of electrons) is
determined solely by n as kr = (2rn)'/2. Under this premise,
carrier mobility u[Jor carrier relaxation time z[][Jis impervious
to defects when Allis sufficiently large compared to the average
defect-defect distance L,. Nonetheless, the presence of
extended defects at a length scale comparable to Acan
compromise ulland 7] by efficiently scattering carriers (Fig.
1b). The 2DEG picture, though simplistic in nature, is pertinent
even for other semi-metals with more intricate Brillouin zones
than graphene. Indeed, we have previously demonstrated that
the magnitude and temperature dependence of w and defect
scattering in spark plasma sintered pellets of Bi nanoparticles
remain unperturbed despite the introduction of defects in the
pellet.?® While Bi presents an intriguing example in its own
right, CVD-grown bilayer graphene®' serves as an exquisite
platform to validate the 2DEG picture, and potentially lead to
the realization of doped graphene with excellent . Doping
graphene without affecting its x[Jor 7z would allow a greater
flexibility in the design and optimization of graphene-based
nano-photonic, electronic, and optoelectronic devices.
Accordingly, we built on the intriguing carbon-nitrogen
chemistry to chemically grow bilayer graphene with multiple
dopant concentrations and configurations, as described in Ref.
9. Here, we go beyond simple synthesis to systematically probe
the influence of different dopant concentrations and
configurations on the optical, electronic, vibrational properties
and carrier dynamics of CVD grown bilayer graphene.

(a)

Graphitc
 Pyridinic

@ Pymlic

Fig. 1 (a) Different configurations of nitrogen dopants in graphene include
graphitic (yellow), pyridinic (orange), and pyrrolic (blue) dopants. (b)
Regarding graphene as a two-dimensional electron gas system (2DEG), the
average wavelength (A1) of its electrons is determined by the Fermi
wavevector (kr) kr = (2mn)/2, which depends solely on the net carrier
density (n). When the crystal coherence length or inter-defect spacing (L,) is
comparable to A, carriers scatter off the defects (short relaxation time 7) and
the carrier mobility u is compromised as depicted to the left of the dashed
line in the above schematic. Such is the case in doped graphene, where
vacancies or dopants present in non-graphitic configurations (e.g., pyrrolic N-
dopants shown in purple) significantly reduce L, due to their extended
interaction volume and thereby scatter electrons (scattering shown by red and

This journal is © The Royal Society of Chemistry 2012

maroon colored waves) very effectively. To the contrary, dopants present in
graphitic configurations (orange atoms) act as point defects and do not
adversely affect 7 and y as shown schematically on the right side of the
dashed line. (Color online only)

We found that the phonon scattering cross-sections,
saturable absorption characteristics and relaxation time
constants are strongly influenced by the dopant configuration
rather than the dopant concentration. While detailed
characterization of our samples is described in Ref. 9, a brief
overview is presented below for facilitating a comprehensive
understanding of the results. The Cls line in the XPS spectra
(Fig. 1 in Ref. 9) for pristine and three N-doped graphene
samples labeled S1 (pyrrolic), S2 (graphitic), and S3 (pyridinic;
see Methods section and Fig. 1a) is upshifted (by ~0.1-0.16 eV)
and broadened (by ~0.5 eV), relative to the pristine sample,
with a peak maximum ~284.61 eV and a full width at half-
maximum ~1 eV. A statistical analysis of N /s line shape on at
least 3 samples confirmed the presence of different
configurations for doped N in the graphene lattice: graphitic,
pyrrolic and pyridine-like N. ?* »* As detailed in Ref. 9, we
observed that sample S2 exhibits graphitic dopant configuration
while S1 and S3 show additional defects such as vacancies and
pentagons in the honeycomb lattice appearing due to
pyridinic/pyrrolic  substitution. Besides identifying the N
bonding configurations, we quantified dopant concentration
from the relative photoemission cross-sections for the C Is and
the corresponding N Is (substitutional doping only) peaks in
S1, S2 and S3 to be 0.2, 2.5 and 3.8 at % N, respectively.

The Raman spectrum of pristine graphene (Fig. S1) exhibits
several sharp features such as the disorder band (D band),
graphitic band (G band) and the G’ band. Clearly, the intensity
of D band (located at ~1350 cm’™') relative to the G band
(located at ~1585 cm™) is low in pristine samples due to their
high crystallinity. Interestingly, samples S1 and S3 also
exhibited an additional peak at ~1620 cm™ (known as the D’
band).** The origin of the D and D’ band is well understood
within the framework of double resonance (DR) where in-plane
transverse or longitudinal optical phonon (i7O/iLO) scattering
is conserved respectively by inter-valley or intra-valley defect
scattering.”> Cancado et al.> reasoned earlier that the D band is
more intense for arm-chair edges (compared to zig-zag edges)
since the defect scattering (needed to conserve the i7O
scattering) associated with them can connect two inequivalent
K and K’ points (or support inter-valley scattering) in the
Brillioun zone. In our samples, non-graphitic dopant
configuration (samples S1 and S3) generates pores in the
graphene sheets, which contain arm-chair like edges and
consequently result in the increase in D band intensity relative
to the G band intensity. In addition, the D band also broadens
more in samples S1 and S3 compared to S2 due to the lattice
disruption by dopants bonded in the non-graphitic
configuration. It is important to note that the above Raman
features were prevalent on a millimeter scale in all our samples.
Our CVD grown samples clearly exhibited a four peaked
structure in the G’ band (Fig. S1) with a dispersion ~ 85+5
cm’'/eV (data not shown) confirming that the samples are
indeed bilayer graphene. The G’ band is also a DR process
similar to the D and D’ bands, however, in the DR process for
the G’ band two iTO phonons are involved in inter-valley
scattering without the need for defects. We previously showed
that the G’ band downshifts upon doping graphene with N, as
described in Ref. 9. Interestingly, we found that the downshift
in G’ band is also strongly dependent upon the dopant
configuration, i.e., larger downshifts in G’ band were observed

RSC Advances, 2015, 00, 1-3 | 3

Page 4 of 9



Page 5 0of 9

ARTICLE

for samples S3 (~25 cm™) and S1 (10-15 cm™) which contained
N-dopants in non-graphitic configurations relative to sample S2
(1-2 cm™). It is expected that the presence of edges in the non-
graphitic bonding configuration may renormalize the electron
and phonon energies more strongly,*® i.e., changes in Fermi and
phonon velocities that dictate the dispersion of Raman modes
with respect to excitation energy. Such a renormalization leads
to a discernible downshift in the G’ band frequency even at low
dopant concentrations as seen in sample S1 (¢f. Fig. S1).

As discussed next, the above-discussed electronic structure
is consistent with our density functional theory calculations.
The positive formation energies (> 9 eV) for the three-dopant
configurations (see Fig. 2) obtained from the DFT modeling
confirms their stability (see Methods section). The formation
energy of graphitic doping was found to be 10.2 eV, which is
higher than 9.9 eV for pristine implying that the graphitic phase
is not only the most stable among other dopant configurations
but interestingly is also more stable than pristine graphene.
While the higher stability of graphitic dopants among doped-
graphene phases may be understood in terms of energetically
unfavorable vacancies and dangling bonds present in non-
graphitic configurations, its stability over the pristine form may
be rationalized as follows. In pristine graphene each C atom has

b c Y d

a

OeVv OeV Oev

2.2eV OeVv 0.54 eV 4.5eV 4.4eV

Fig. 2 The lattice structure (top 4 panels) of pristine (a), graphitic (b),
pyridinic (c), and pyrrolic (d) defects in graphene along with their electron
density shown in the bottom panels. The energy released on the formation of
structure from free atoms for all the configurations was found to be positive
(pristine-9.90 eV, graphitic-10.22 eV, pyridinic-9.77 eV, and pyrrolic-9.55
eV) confirming the stability of N-doped configurations experimentally
observed from XPS and Raman spectroscopy. (Color online only)

three [J bonds with neighboring C atoms and one [ bond (sp’
hybridization), whereas in graphitic dopant configuration, the N
atom substituting the C atom possess an extra lone pair of
electrons after forming 3 [ bonds with 3 adjacent C atoms.
This extra electron lone pair is in conjugation of double bond of
other C atoms around the N atom (i.e., conjugation between N
lone pair and [ and [J bonds resulting from sp® hybridization
of graphene) and is responsible for the electron resonance,
which enhances the stability of graphitic dopants slightly above
the pristine form. In addition to the three different
configurations discussed in Fig. 2, our DFT calculations
showed that the porphyrin-type dopants (see Fig. S2 in
supplementary information) are stable in graphene with a
formation energy ~9.75 eV, which is greater than that of
pyrrolic dopants. Although porphyrin-type dopants are more
stable than pyrrolic, our detailed XPS studies (discussed in Ref.
9) did not detect the presence of this dopant configuration
experimentally in samples discussed in this study.
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The Raman spectrum of graphene contains many rich
features (e.g., D and G’ bands) that are highly sensitive to inter-
and intra-layer defects and interactions. Besides the main D, G,
and G’ bands, several other Raman modes such as the
combination modes and G* mode ~2450 cm™ appear in the
spectrum of graphene.”’’ In a Raman process phonons away
from the center of the Brillouin zone ([J point) are often not
active since the linear momentum the light is small (~0.002 nm’
! for 488 nm excitation) when compared with the Brillouin zone
dimension (~13 nm™ for graphene). However, the K-point
phonons are still visible in the Raman spectrum of graphene
due to its unique continuous energy levels and phonon
dispersion relations which facilitate a high Raman scattering
cross-section (Q in eqn (1)) through the DR mechanism.

_ Mfz:MchbaMai
Q=2ape (E1=Eqi=ihy)(Ei—hw—Epi—ihy) (Ey—hw—Ec—ihy) M
In eqn (1), M,, (x, y= a, b, and c) is the matrix element for the
scattering over the intermediate statesx andy, E;and E; —
hw are the energies of the incoming and outgoing photon, E,;
(p=a, b, and c) is difference in the energy of electronic level p
and the initial level i, and » is the broadening parameter of the
electronic transition between p and i. Previously, May et al.**
and Araujo et al.”® have independently analyzed the G* band
and assigned it to a combination mode containing 2 or more
peaks arising from ;70 and LA phonons scattering electrons to
cither inner or outer side” of the Dirac cones at the K/K -
points. As shown in Fig. 3, we clearly observed at least a two-
peak structure in the G* band for the pristine samples similar to
earlier reports. Interestingly, the G* band vanished completely

b) [488 nm

a) 455 nm“ Sé C) 5}14.5{:}&1\\& » s3 ‘

| ) LA/ ™ Wi

[ \ /
/Y

WA s \ f“; >
/\ 1
v WAV

Pristine
2400 2450 2500 2550 2400 2450 2500 2550
Raman Shift (cm™') Raman Shift (cm')

Intensity

2440 2480 2520
Raman Shift (cm ')

Fig. 3 (a-c) Raman spectra of CVD grown samples show the presence of two
peaks in G* band ~2450 cm-1 in pristine samples at 3 different Raman
excitations. The solid curves below the spectrum are the deconvoluted fits to
the experimental data. The G* band broadens in S2 and disappears in S1 and
S3 samples due to defect-induced broadening (see text). (Color online only)

for samples S1 and S3 while only one peak (as opposed to two
peaks in the pristine sample) was found in sample S2 for at
least 3 different laser excitations (455, 488, and 514.5 nm).
Such an observation may be rationalized as follows. As
described in eqn (1), the Raman scattering processes are
broadened by the parameter p that originates from electron-
phonon and electron-electron scattering of the photo-excited
carriers.®® A fast scattering rate of photo-excited carriers (or
low 7) increases . The introduction of dopants results in
strong electron-defect scattering that reduces the excited
carrier-phonon scattering time from ps to hundreds of fs (an
order of magnitude decrease) in samples S1 and S3 (evidenced
by results described later in Fig. 6) resulting in a high » or
severe broadening of all Raman features. The disappearance of
two-peaked structure and the broadening of G* band in sample
S2 may also be attributed to a moderate increase in ». The
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non-graphitic doping in S1 and S3 induces defects other than
N-dopants such as vacancies or edges (see Fig. 1 in Ref. 9),
which scatter electrons more efficiently than phonons, possibly
resulting in the complete disappearance of G* band. Concurring
with this scenario, we observed that combination modes (such
as iTALO, LOLA, and iTOTA described in Ref. 28) are severely
broadened in sample S1 and completely disappeared (similar to
the G* band) in samples S2 and S3 due to defect-induced
scattering and increase in y (Fig. 4(a)).

In addition to the linear optical (e.g., m—m* transition) and
vibrational properties, we and others previously showed that the
nonlinear optical properties of graphene (i.e., saturable
absorption) are highly sensitive to the changes in its electronic
structure.’" *? Accordingly, we performed open aperture Z-scan
studies of S1-S3 to confirm the dopant-induced changes in the
electronic structure of host graphene. As shown in Fig. 5(a)
and (b), the nonlinear transmittance (both in the ns and fs
regimes) increases with input intensity signaling a saturation of
absorption in all samples. Numerical simulations based on
nonlinear transmission equation 2 yielded a best fit to the
experimental data when a weak two-photon absorption (2PA)
component was added to the dominant saturable absorption
(SA) within the mathematical model. The pulse propagation
equation for such an SA+2PA type process is given by

dl g

az = T P 2)
where / is the incident laser intensity, z' is the propagation
distance within the sample, a, is the linear absorption
coefficient, /; is the saturation intensity which characterizes the
saturable absorption behavior and £ is the 2PA coefficient.’'*?
Clearly, the NLO data in Fig. 5 follows a similar trend as
observed in the Raman and XPS data underscoring the
influence of dopant configuration (over dopant concentration)
on the optical properties of N-doped graphene.

. TR | i
a) 514.5nm| D)[s2 \
C Keen  S3 '
/\__‘__________ s2 A=
2 ..._J' “"-~~s
s
£|s
S2 oy —~

Pristine oy :

Wavenumebrs (cm )

c)

=

E;g (42 cm?)

Normalized Intensity

1800 2000 2200 2400
Raman Shift (cm'])

Fig. 4 (a) The Raman spectra of pristine and N-doped samples showing
various combination modes between 1800-2500 cm™. Clearly, these modes
broaden and disappear upon the introduction of dopants due to increase in
inhomogenous broadening and electron-defect scattering. The solid curves
below each spectrum are the deconvoluted fits. (b) A Fourier transform of
time-resolved pump probe spectrum (discussed later in Fig. 6) showing the
low-frequency Raman modes in CVD grown graphene. The broad feature
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~45 cm™ may be attributed the doubly degenerate (E,,) shear mode shown in
(c). (Color online only)

The £ and I, values 3! % 3%38 obtained from the numerical fits
for S1 and S3 (non-graphitic configurations) are higher
compared to those for S2 (graphitic configuration) and pristine
graphene, indicating that NLO properties are also influenced by
the renormalization in the electronic energies. A simple
increase in n alone cannot rationalize the deduced increase in £
or /; values since f and I, of S1 are higher than S2 despite its
low N concentration (Fig. 5(c) and (d)). These intriguing, and
important, dopant-induced changes in the optical properties of
S2 relative to S1 and S3 can be rationalized in terms of the
carrier relaxation times through ultrafast degenerate pump-
probe (PP) measurements, which we discuss next.

The differential transmittance (A7/7) was obtained by
taking the ratio of pump-induced change in the probe
transmittance (A7) at a time £ after the pump excitation to the
probe transmittance (7) in the absence of a pump (Fig. 6(a)).
The initial response is an incident pulse-width-limited rise in
the transmitted signal immediately after the zero delay (/=0),
which eventually decays in an exponential manner. The best fit
to the PP data was obtained with a bi-exponentially decaying
function, AT/T = A; exp(—t/t1) + A, exp(—t/T,)with two
distinct time scales: a fast component (7,) corresponding to the
intraband carrier-carrier scattering and a slower component (7,)
corresponding to carrier-phonon scattering (discussed later in
Fig. 6(b)). Both t;and t,values obtained from the best-fitted
curves for the samples are tabulated in Table 1. Consistent with
our Z-scan measurements (cf- Fig. 5), the sign of A7/T signal in
Fig. 6 is positive and is due to the bleaching of ground state
(saturable absorption). As shown in Fig. 6(b), under intense
photo-excitation a narrow non-equilibrium carrier distribution
(akin to a broadened Dirac-delta distribution) is generated in

n >

-

5

Normalized Transmittance
w

o

5000 10000

10000 5000 0 10000 -5000 0 5000 10000
Position (um) Position (um)
(]
40| C 48 d : 20
[ . 20 [
T SF 40 0 s
N ° E § 16 S
2 35 wE3 E
e : o2 35 u °
x xE " 12 %
" A
= e 532 nm e L4 =
o Sns "% 3 800 nm
1 30 100 fs i

Pristine $1 S2 s3 Pristine st S2 s3

the

Fig. 5 Open aperture Z-scan data for pristine graphene, S1, S2 and S3
collected with the a) ns and b) fs excitations. The on-axis peak intensity (/) is
0.16 GW/ecm® and 12.5 TW/cm? respectively. Solid lines represent
theoretical fits to the experimental data obtained from equation 1 (see text for
details). Panels c) and d) show the variation of saturation intensity (/;) and the
2PA coefficient (f) obtained from the best fit curves to the Z-scan data in
panels a) and b). Both /; and S are higher for non-graphitic dopant
configuration due to the larger defect density arising from pores and arm-
chair like edges (cf. Fig. 2a). (Color online only)
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electron density of states above and below the Fermi level
through intra-band and inter-band one-photon absorption (1PA)
and 2PA processes.’> Such a non—equilibrium carrier
population broadens in momentum via inelastic and elastic
intra-band carrier-carrier scattering on a timescale of 7, (100-
200 fs) and equilibrates to reach a Fermi-Dirac distribution with
a temperature much higher than the lattice temperature. The hot
carriers further cool down by inter-band carrier-phonon
scattering on a timescale of 7, (1-2 ps) and eventually reach a
thermal equilibrium with the lattice.’® In the case of carrier
trapping, relaxation times are prolonged up to hundreds of ps to
a few ns.*> Once a steady state is reached between excited
carriers and carriers relaxing back to initial states, further
absorption of photons within the pulse width is restricted as two
photo-excited carriers cannot occupy the same state due to
‘Pauli blocking’.

As shown in Table 1, the carrier-carrier and carrier—phonon
relaxation times do not decrease monotonically with increasing
N content, akin to the Raman features described in Fig. 3 and 4
and the saturable absorption intensity in Fig. 5(a) and (b).

Sample ID T T,
Prisitine 241 fs 2 ps

[ s1 | 196 fs [ 206 fs |
S2 232 fs 1.6 ps

| S3 | 168 fs | 186 fs |

Table 1 Carrier relaxation times of both pristine and N-doped graphene
obtained from the analysis of time resolved ultrafast pump-probe
measurements. Consistent with conclusions drawn from the Raman and NLO
data, S2 exhibits similar carrier-carrier (t;) and carrier-phonon (t,) relaxation
times due to its graphitic N-dopant configuration.

Clearly, the dopants present in the non-graphitic configurations
exhibit much faster relaxation times relative to dopants present in S2
with graphitic bonding, or pristine graphene. Indeed, carriers in
sample S1 decay much faster (within fs), despite lower N content,
due to the presence of extended defects that lead to increased
contribution from carrier-defect scattering. Since L,(nm) = 2.4 =
10710441, /15)%73, it follows that L, (and hence the relaxation
time) decreases with an increase in the D band intensity. Clearly, the
non-graphitic dopants present in S1 and S3 lower L, as they create
pores in the honeycomb lattice leading to extended defects (or a
high defect- density).

0 Pristine
o $1
0 82
o 83
—— Bi-exponential fit]

Wavevector (k)

Fig. 6 a) Time-resolved differential transmission spectra for pristine graphene
and S1-S3 obtained through a degenerate pump-probe method using 70 fs
pulses of 780 nm excitation wavelength. Solid lines represent the bi-
exponential fits based on carrier-carrier and carrier-phonon scattering time
scales (see Table 1). The inset shows the parabolic energy dispersion for
bilayer graphene and the arrow indicates excitation of electrons from the
valence to the conduction band. b) Under intense photo-excitation, the non-
equilibrium carrier distribution (in the E-k space depicted by the parabolic
energy dispersion in the inset shown in (a)) results in an initial rise in the
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transmitted intensity. The carriers (electron and hole distribution shown in
blue and orange respectively) equilibrate by carrier-carrier scattering on a
timescale T,. Subsequently, the carrier thermalization and decay occur
through carrier-phonon scattering on a timescale 1,. (Color online only)

While L, derived from empirical results in nano-crystalline
graphite®™, represents the amount of disorder given by
one-dimensional defects, L, or average distance between point
defects in single-layer graphene may be obtained as L?4(nm) =

1.8*10°A*(Ig/Ip). Since both L, and Ly vary inversely with D band
intensity (which increases with increasing density of N dopants or
defects), carrier relaxation times decrease significantly for S1 and S3
(non-graphitic) compared to S2 and pristine samples. In this context,
L, is more appropriate than Ly for our samples due to their bilayer
character and the nature of extended defects in S1 and S3 (e.g., pores
and arm-chair like edge). Considering pristine graphene as a two-
dimensional electron gas (2DEG), we can approximate the Fermi
wave vector kp~(2zn)”? with an average carrier density 7 ~10'? cm
2. In other words, the carriers in pristine graphene may be considered
to have a wavelength ~25 nm. The I;/Ipratios from the Raman data
in Fig. S1 yield L,>100 nm for pristine (106 nm) and S2 (101 nm)
samples, which is at least 4 times the carrier wavelength (25 nm).
However, S1 and S3 exhibit much shorter L, (33 and 25 nm,
respectively) which is comparable to the carrier wavelength and
consequently support enhanced scattering of carriers (or faster decay
times). Considering that u is directly proportional to 7, it is then
expected that x[Jin the case of S2 is not significantly different from
that in pristine graphene, despite the presence of dopants in S2 (since
it does not significantly alter L,). Such a dopant configuration is
advantageous since it increases the carrier concentration and upshifts
the Fermi level without compromising the carrier mobility in doped
graphene. Returning to saturable absorption behavior of N-doped
graphene (cf. Fig. 5), Dawlaty et al. have earlier reported that T, in
pristine epitaxial graphene decreases concomitantly with L,
concurring with our present observation of lower lifetimes for non-
graphitic substitution (S1 and S3). The saturation carrier density (V)
in graphene could be estimated using a simplified approximation
given by Bao et al. as Ng = alt/hw where a is the absorption
coefficient, h is reduced Planck’s constant and w is the excitation
frequency.®® Chemla et al. argued that in the case of 2-DEG,
absorption saturation occurs when photo-generated carrier density is
about one charge carrier per exciton volume 4ma3 /3 where a, is the
Bohr radius.*' Therefore saturation intensity can be approximated as
I, = 3hw/4madar.’” It now follows that for a given excitation, 7, is
solely determined by t through an inverse relation. Thus the
variation in Iy with dopant configuration for both fs and ns excitation
regimes shown in Fig. 5(c) and (d) can be explained using the effect
of defects on the carrier relaxation times.

Returning to Fig. 4(b), the broadening of Raman features is
concurs with the carrier relaxation times derived from the data
presented in Fig. 6. In addition to providing the relaxation
times, the Fourier transform (FT) of excited carrier decay,
shown in Fig. 4(b), contains information pertaining to low-
wavenumber phonons. The presence of the Raman excitation
line at 0 cm™ often overwhelms the low-frequency phonon
signals in Raman spectroscopy. Recently, Tan er al *
uncovered a doubly degenerate (Fig. 4(c)) low-wavenumber
shear mode (~45 cm’™) in multilayer graphene using Raman
spectroscopy. As shown in Fig. 4(b), we observed a peak in the
low-frequency data ~ 45 cm™ in the FT-spectra (derived from
Fig. 6(a)), which could plausibly be attributed to the shear
mode in our bilayer samples. Not surprisingly, we found that
this mode broadened in all the doped samples akin to other
features (c¢f. Fig. 3 and 4) observed directly in the Raman
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spectrum due to changes in carrier relaxation times. Additional
features observed above 45 c¢cm' may be Raman inactive
acoustic phonons away from the /-point and warrant further
investigation. Lastly, juxtaposing DFT, Raman, XPS,
pump-probe and non-linear optical spectroscopic measurements
on N-doped graphene, it could be surmised that both dopant
configuration and density play a critical role in determining the
properties of graphene. Particularly, an increase in the density
of non-graphitic nitrogen dopants is expected to decrease the
coherence length L,, much more rapidly than graphitic dopants,
due to the formation of other accompanying defects such as
vacancies or pentagons. This increase in non-graphitic
N-dopant density will lead to: i) a more pronounced decrease in
the electronic mobility, compared to graphitic dopants, due to
increased defect scattering, ii) increase the electronic density of
states near the Fermi level, and iii) the appearance of D and D’-
bands ~1350 cm™ and ~1620 cm™.

Conclusions

In summary, we investigated the influence of substitutional
N-doping on the electronic, vibrational, and optical properties
of CVD grown bi-layer graphene. Our DFT calculations
showed that all N-dopant configurations are stable with a
positive formation energy. Our XPS measurements indicated
that N can be controllably doped in pyridinic, pyrrolic, and
graphitic configurations. Interestingly, the D-band intensity
increased significantly only when the N-dopants are substituted
in non-graphitic configurations since they create pores with
armchair edges in the graphene lattice. Furthermore, the Raman
G’ band frequency was observed to downshift due to the
electron-phonon energy renormalization near dopant sites. The
G*, combination, and low-frequency modes (derived from
pump-probe data) broadened or disappeared in the Raman
spectrum of doped samples due to decreased scattering rates. In
the nonlinear regime, the 2PA coefficient and saturation
intensity were higher for non-graphitic dopant configuration
compared to graphitic configuration, consistent with the Raman
scattering data. Most importantly, time-resolved pump-probe
spectroscopy studies clearly showed that non-graphitic dopants
reduce scattering times of electrons due to a decrease in the
crystal coherent length. Lastly, our results imply that N-
dopants when substituted in a graphitic configuration yields n-
type graphene with little or no deterioration in the electron
mobility.
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