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Abstract: Present mass production of large-area single-layer graphene relies fundamentally
on chemical vapor deposition methods. The generation of grain boundaries, which divides
the sample into a set of crystalline domains, is inherent to these fabrication methods. Recent
studies have demonstrated a strong anisotropy in the ultrafast non-linear response of single-layer
graphene when subjected to non-perturbative, intense laser fields below the damage threshold.
We propose to exploit this anisotropy to characterize the size distribution of graphene domains
in polycrystals via high-order harmonic polarimetry. Our simulation results demonstrate the
sensitivity of the harmonic polarization state to details of the polycrystal grain distribution. In
particular, we show that the rotation in the polarization tilt of the highest-order harmonics holds
information about the grain distribution in the polycrystal. As a proof-of-concept, we propose a
method to determine the standard deviation of the grain size distribution from the values of the
most frequent grain size and the standard deviation of the harmonic tilt rotation from a set of
hypothetical measurements on different polycrystal realizations. Our work reveals the capability
of high-order harmonic polarimetry to characterize polycrystalline two-dimensional materials.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Single-layer graphene (SLG) is a two dimensional —atomic thin— carbon allotrope with extraordi-
nary potential in a variety of fields, ranging from biomedicine to sensors and microelectronics
[1]. Industrial applications require large layers of graphene. Chemical vapor deposition (CVD)
on metal substrates is one of the most popular choices to fabricate large-area SLG [2]. However,
CVD typically leads to polycrystals with grain size and orientation distributions that depend
on the fabrication parameters (substrate, growth temperature, hydrogen flow, etc.) [3]. While
graphene’s electronic properties are degraded by the grain boundaries [4], the smaller fraction of
the boundary regions against the total grain surface makes the optical response to be dominated
by the inner part of the grain [3]. Grain analysis can be performed using a variety of techniques,
either resolving the grain scale (using transmission electron microscopy [3]) or the polycrystal
scale (using low-energy electron microscopy [5] or by Raman microscopy [6]).

High-order harmonic generation (HHG) stands as a unique method to produce short-wavelength
coherent radiation. This highly non-linear process is triggered by the intense laser-matter
interaction driven mainly by infrared and mid-infrared laser pulses. As a result, high-order
harmonics of the driving field, extending towards the extreme-ultraviolet or even soft x-rays, are
produced [7]. The extraordinary coherence of the process allows tracking the fastest laser-driven
electronic dynamics at the attosecond timescales [8]. While HHG was initially explored using
gaseous targets [9,10], a substantial interest has recently burgeoned its study in crystalline solids

[11].
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The underlying mechanism of HHG in two-dimensional (2D) solids depends strongly on the
interaction geometry. On the one hand, for intense p-polarized driving fields at grazing incidence,
the process resembles that reported for atoms and molecules [12]: electrons are detached from
the crystal’s surface, quiver in the continuum, and are finally redirected to collide with the crystal
potential, where harmonics are emitted [13]. Interestingly, the detached electron wavefunction
preserves the transverse structure imprinted by the crystal potential. These transverse modulations
introduce a Talbot revival dynamics at the femtosecond/nanometer scale, whose signature can be
resolved in the harmonic spectrum [14]. On the other hand, at normal incidence, the electrons
remain in the crystal plane. In such scenario, the driving field generates electron-hole pairs
from tunneling excitation at the band gap. Once excited, electrons and holes quiver in reciprocal
space following corresponding trajectories in direct space. The harmonic emission occurs from
pair recombination when the electron and hole trajectories overlap [15,16], or when they are
sufficiently close [17,18]. The corresponding mechanism of HHG in single-layer graphene differs
from finite gap solids in the very first step, in which excitation results from the non-adiabatic
crossings near the Dirac points [19], instead of tunneling. HHG from other carbon allotropes can
be understood through modifications of this basic mechanism [20].

The dynamical details of the coupling of the driving field with the crystal structure (energy
dispersion or symmetries) introduce time-resolved signatures in the HHG spectra, that can be
unraveled using high-harmonic spectroscopy techniques [21]. Among them, it has been recently
demonstrated that crystal symmetries introduce an anisotropic nonlinear response [22-25]. In
particular, HHG in graphene yields elliptically polarized harmonics when driven by linearly
polarized laser pulses, and viceversa [26-28]. In the recent years, these results have triggered the
use of the polarization state of the harmonics as an extension to state-of-the-art high harmonic
spectroscopic techniques [29]. Consequently, non-linear optics is at the root of recent proposals
for the characterization of 2D or quasi-2D materials [30]. While second harmonic spectroscopy
and four-wave mixing are used to determine the number of layers, crystal axis orientation and
crystal phase and defects, HHG has been demonstrated to be sensitive to crystal orientation,
interlayer coupling and valley structure [31].

In this paper we propose to exploit the graphene’s non-linear anisotropic response to characterize
the statistical distribution of the domain sizes in polycrystalline graphene. For this purpose, we
have implemented HHG simulations in polycrystalline graphene based on the time-dependent
Schrodinger equation. We have performed a series of calculations of different polycrystal
realizations corresponding to a given grain size and orientation distributions, interacting with
a mid-infrared linearly-polarized driving field. For each of these realizations, we compute the
polarization properties of the generated harmonics. The statistical analysis for a sufficiently
large number of polycrystal calculations shows that the harmonics are emitted with zero mean
ellipticity and null rotation of the polarization axis, i.e. the average polarization properties of the
harmonics reproduce that of the driving field’s. However, we show that the standard deviation
of these quantities is sensitive to the grain size distribution. From this, we propose a scheme
for the characterization of the grain size distribution knowing the most-frequent grain size and
the standard deviation of a series of measurements of the harmonic polarization tilt rotation, as
measured from a sample of polycrystals.

2. Theoretical description of HHG in polycristalline single-layer graphene

We consider polycrystal parameters similar to the corresponding to CVD graphene grown on
copper films (see method A in [3]). The polycrystal layer is irradiated by a linearly polarized
laser pulse centered at 3 um in wavelength and modeled by a sin? envelope of 28 fs full width
at half maximum (FWHM) in intensity, and peak intensity of 5 x 10! W/cm? (see Fig. 1a).
Each polycrystal presents a typical area of 4.9 um? and is composed by domains whose size
and orientation distributions are plotted in Fig. 1, according to Ref. [3]: panel (b) shows the
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grain’s size distribution, the most frequent size being 25 nm, with a standard deviation of 275.8
nm, calculated from the best fit to a Gaussian distribution. The black solid line depicts the
Gaussian distribution corresponding to the values extracted from the proof-of-principle proposal
described in next section. Panels (c) and (d) depict the distribution of the orientation shift
between neighboring domains, and the corresponding absolute orientations of the domains in
the polycrystal, respectively. The laser beam is aimed perpendicularly to the sample, and we
consider the driver’s waist larger than the polycrystal size, therefore the driver’s intensity profile
can be approximated as constant. Note that this is crucial to ensure that all domains are subjected
to the same driving field conditions.

K,kv Laser beam|
a) K GRAPHENE b)
80
£60¢
[
340}
O
20}
0
0 150 300 450 600 750
Grain size (nm)
°) >0t
40 15
[ |
8
320
©
0 0
0 10 20 30 25 75 125 175 225 275 325
Relative rotation (degrees) 0 (degrees)

Fig. 1. a) Scheme of the interaction between the driving field and a polycrystal. The driving
laser is aimed perpendicularly to the graphene’s surface, linearly polarized along the y-axis.
The inset represents the first Brillouin Zone of graphene, tilted by an angle 6 from the
vertical axis, i.e. the driving field’s polarization direction. b) Distribution of grain sizes and
c) relative grain rotation angles of a polycrystalline graphene grown with CVD, according to
[3]. We include in b) the Gaussian distribution resulting from our analysis in section 3. d)
Distribution of the absolute angles of rotation of the domains.

Graphene’s nonlinear response to intense laser radiation is computed from the integration
of the dynamical equations of SLG in the nearest neighbor tight-binding approximation [32].
Following [19] we solve the equations in the oscillatory frame «;, = hk — g.a(f)/c, where k
are points in the Brillouin Zone, ¢, is the electron’s charge and @(t)/c is the normalized vector
potential of the driving field. Projecting the wavefunction on the Bloch basis of each graphene
sublattice (A and B), {¢%, ¢ﬁ}, the light-induced dipole can be computed as [19]

d(r) = (Y(D)lger|¥ () = i%/ | Ci (i, ) ViCalkys 1) + Cp(ki, ) ViCa(ki )] dk, (1)

where Cy4 p are the probability amplitudes of the electron wavefunction in each Bloch basis. The

harmonic emission is then calculated from the the dipole acceleration, a(t) = 5—;d(t).

We consider first a set of polycrystals, each built by tiling randomly chosen domains according
to the size and orientation distributions shown in Figs. 1(b) to lc, similar to those reported in
[3]. The driving field is linearly polarized along the vertical direction. Therefore, the domain
orientation refers to the angle between the grain’s I' — K’ axis and the vertical axis. If we
consider a particular polycrystal realization j in the set, its harmonic emission is computed

from the coherent addition of the contributions of the grains. Thus, the j-th polycrystal’s dipole
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acceleration is computed as A;(¢) = Zi.vf a;(1), where N; is the number of grains and a,(¢) is the
dipole acceleration in each grain, given by the second derivative of Eq. (1).

We compute the harmonic emission from the j-th polycrystal through the Fourier transform,
Aj(w), of the dipole acceleration A;(¢). Additionally, we determine the polarization state of the
harmonics radiated by the j-th polycrystal by calculating the Stokes parameters, Sjk(a)), with
k=0,...,3, for each of the Fourier amplitudes Aj(w), as

Sh(w) = [Ajx@)] + Ay . 2)
S)(@) = (@) - Ay @) ()
Sh() = |Aa@) - [Ap@)] . @)
Si(w) = [Ar@)] = A, )

where (x,y) is the Cartesian basis, (a,b) the 45° rotated basis and (I,r) the circular basis of the
space of Jones vectors. ' _

We define the Stokes parameters Sfl x for a given harmonic order, ¢, as the integral of Sjk(w)
along the interval Aw = *w(/10 centered at gwy, wy being the driving field’s frequency. The
ellipticity of each harmonic order and the tilt angle of the major axis is then determined from the
Stokes parameters as,

; 1
¢ = tan | = arctan| ——22_ ||, 6)
q 2 7 7
Sq’ Lt Sq,2
J
) 1 N
o), = g — 5 arctan SJLZ @)
q,1

The characterization of the polycrystal domain-size distribution is done considering a set of
8 x 10* individual polycrystal realizations according to the distributions shown in Fig. 1. The
domain rotation is discretized in steps of one degree, and the size distribution in steps of 10
nm. Therefore the number of different domain configurations corresponding to the case of
Fig. 1 is about 29000. From each realization, j, we compute the high-order harmonic spectrum,
and the ellipticity and the tilt of the different harmonic orders. Finally, we derive statistics of
the polarization parameters eg and 9; (mean and deviation), by collecting the results from the
complete set of polycrystal realizations.

3. Results and discussion

Figure 2(a) shows the comparison of the harmonic spectrum emitted by a single crystal with that
corresponding to a particular polycrystal random realization, j. Note that the harmonic spectrum
includes little information on the polycrystal structure. This can be understood since, as it has
been recently reported in [27], the efficiency of the higher-order harmonic emission is optimal
for graphene rotated 15° + k30° {k € Z} from the driver’s polarization axis, dominating over the
other orientations. In addition, for the lower-order harmonics, the emission is almost insensitive
to the orientation. Due to these reasons and, since the domain orientations span over the whole
circle (see Fig. 1(d)), the polycrystal harmonic spectrum barely deviates from that of a single
crystal oriented with the driver’s polarization axis. Therefore, as first conclusion, monitoring the
variations of the harmonic efficiency does not result in an useful strategy for the spectroscopic
characterization of the polycrystal grain distribution.

An alternative and more successful strategy for the characterization of the polycristal domain
distribution consists in looking at the polarization properties of the generated harmonics, instead
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Fig. 2. a) Comparison between the spectra of single-crystal graphene (blue line) and that of
a particular realization j of a polycrystal (orange line) according to the domain distributions
in Fig. 1. b) and c) show the ellipticity and tilt-angle for harmonics 3th to 9th from a
single-crystal graphene in terms of the rotation § of its ' — K” axis. d) Statistical analysis of
the standard deviation of the ellipticity o (blue dots) and tilt-angle O'g (orange dots) for

8% 104 polycrystal cases with the distributions shown in Fig. 1.

of at the harmonic efficiency. Our computations show that the polarization of the high-order
harmonic emission is indeed sensitive to the domain distribution. This stems from the non-linear
anisotropy of single-crystal graphene [27]. Figures 2(b) and 2(c) show the dependence of the
ellipticity, €;, and major-axis tilt angle, 6,, of the 3rd, 5th, 7th and 9th harmonic orders emitted
by a single-crystal graphene irradiated with a linearly-polarized driving field, as a function
of the crystal’s I' — K’ axis rotation-angle, 6. In both panels the crystal’s orientation spans
over 0<6<60° since, due to the graphene’s symmetry, the pattern is repeated periodically for
all subsequent angular intervals. Both parameters, €, and 6, are basically unaffected for the
lower-order harmonics, i.e. the lower-order harmonics are almost linearly polarized in the same
direction as the driver. In contrast, the higher-order harmonics show a substantial deviation from
the driver’s polarization, as graphene’s anisotropy is more pronounced for the highest orders in
the HHG spectrum. Note also, in this latter case, that both ellipticity and major-axis tilt-angle
show a maximum deviation from the driver’s at orientation angles odd-multiples of 6 = 15°. In
addition, the deviations are symmetric and opposite with respect to 8 = 30° for any harmonic
order.

As a consequence of the non-linear anisotropy in single-crystal graphene, the different domains
in a polycrystal will radiate high-order harmonics with a distinctive polarization state, depending
on their particular orientation. However, note that, for a sufficient number of grains in the
polycrystal, the domain orientations will spread over 360° (see Fig. 1(d)). This, together with
the opposite symmetry of the non-linear response shown in Figs. 2(b) and 2(c), leads to the
expectation that the net polycrystal harmonic emission present the same polarization properties
as the driving field. However, for finite-size polycrystals, similar to those in [3], the number
of grains is limited to their cumulative area filling the polycrystal’s surface. Therefore, in this
case, we should expect a residual ellipticity and tilt deviations in the harmonics emitted by the
target. Note that the magnitude of the residual deviations decreases progressively for polycrystals
with large number of domains, as each realization will contain effectively all possible domain
configurations. For the case of Fig. 1, as the number of domain configurations is 29000 and the
mean domain size is 25 nm, this limit corresponds to polycrystals with sizes above 4.3 um, about
twice the size we are considering in this paper.
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Let us now consider the statistics of such deviations from repeated measurements of the
polarization properties over a set of N polycrystal realizations, grown accordingly to the same
distribution of grains sizes and orientations. In particular, we focus into the mean and standard
deviation of the tilt-angle and ellipticity of each gth-order harmonic, with respect to that of the
driving field, which we assume linearly polarized in the vertical direction,

RN RS
@ =520 (=5 ®)
7 7
q _ BN q q2 q _ BN q q2
oy = N;(ej—m), ol = ]—V;(ej—m) ©)

where 67 and €/ are the tilt angle and ellipticity of the gth-order harmonic radiated by the j
polycrystal realization. Consistently with the above discussion on the symmetries of single-crystal
graphene’s anisotropy, we find near vanishing results for the mean values in Egs. (8), i.e. §, and
€, are not sensitive enough to characterize the polycrystal domain distribution. In contrast, the
standard deviations presented in Egs. (9), o'g and a;’ , for the harmonic orders 3rd to 9th show
non-vanishing values, as shown in Fig. 2(d). Note that while the deviations of the ellipticity are
rather small, those of the harmonic tilt-angle are large enough to be measured for the higher
harmonics. Therefore harmonic tilt-angle deviation is a potentially useful parameter for the
characterization of polycrystal domain order.

In order to demonstrate the sensitivity of the standard deviation (Tg to the domain-size
distribution, we have performed a series of calculations of 0'; for different Gaussian distributions,
exp (=(s — 50)?/202), with 5o<1000 nm being the most frequent domain size and o-<360 nm.
Figure 3(a) plots the results extracted from a set of 8 x 10* crystal realizations for each Gaussian
distribution. The two insets in panel (a) represent two examples of domain distributions with
so = 500 nm and widths of 353.6 nm (upper inset, green) and 35.4 nm (lower inset, yellow). We
find an approximate linear dependence of the tilt-angle standard deviation O'g with the grain size
50, with slopes varying as a function of the polycrystal distribution width o. In all cases, the
variations in the standard deviation 0'(3 with the distribution are of some tens of degrees, therefore
sensitive enough to use this quantity in a polarimetric characterization of the distribution.

As a proof-of-concept, we finally propose a possible strategy for the characterization of the
graphene polycrystal domain-size distribution based on high-order harmonic polarimetry. For
this, we shall use Fig. 3(b), which shows the same information as Fig. 3(a) but representing
the tilt-angle standard deviation 0'; (color scale) as a function of s¢p and . We now consider
an hypothetical experiment in which we measure the tilt angle of the 7th harmonic, 0]7, for a
set of j € N polycrystals, fabricated under similar conditions, and thus according to the same
domain-size distribution. We compute the standard deviation of the measurements 0'; meas
according to Eq. (9). For concreteness, we have run a simulation of this hypothetical experiment
using the distribution shown in Figs. 1(b) and 1(c), similar to that reported in [3], from which we
obtain a value of O'g |meas = 7.4°. Knowing the value of 0'; mease W€ choose the corresponding
contour in Fig. 3(b) to find the relation between the grain-distribution width o= in terms of the
most frequent size so. This contour predicts a width of oy, = 264.3 nm for 5o = 25 nm, i.e. the
most frequent size in the distribution of Figs. 1(b). The corresponding Gaussian profile is plotted
in Fig. 1(b) as a solid black line. We confirm the accuracy of our method comparing o, with
the best Gaussian profile fit of the histograms in Fig. 1(b), which leads to the value of 275.8 nm.

In order to demonstrate the robustness of our procedure, in Fig. 3(c) we represent the
corresponding contours resulting from the same road map applied to drivers with different
intensities, from 3.5 x 10'° W/cm? to 1.14 x 10'! W/cm?, and considering both the 7th and 9th
harmonic-orders. The excellent overlapping of the contours reveals an extraordinary consistency
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Fig. 3. a) Standard deviation of the 7th harmonic tilts 0'; computed for different Gaussian
distributions of grain sizes, from wider (red light line) to narrower (red dark line). The
insets show the Gaussian distributions for the wider case (green dot) and the narrower case
(orange dot), respectively, centered at sy = 500 nm grain size. b) dependence of the tilt
angle deviation O'g in terms of the width o and the most frequent size sg of the Gaussian
distribution, the magenta line corresponds to all the contour a'g = 7.4°. Both a) and b)
panels correspond to a driver of intensity of 5.1 x 101! W /em?. ¢) shows the contours found
for different driving intensities, from 3.5 X 1010 W/em? to 1.14 x 101! W/cmz, and for

harmonics 7th an 9th.

in the prediction of domain-size standard deviations using different drivers and harmonic orders.
We believe that this result demonstrates the reliability of HHG polarimetry for the characterization
of polycrystaline graphene.

4. Conclusion

We have proposed high-order harmonic polarimetry as a method for the characterization of
domain parameters in single-layer graphene polycrystals. Our proposal stems from the recently
reported non-linear anisotropy in single-crystal graphene. While our theoretical simulations show
that the efficiency of high-order harmonic generation in polycrystals, as well as the ellipticity
measurements, are not sensitive enough to the details of the polycrystal disorder, we demonstrate
that the measurement of the tilt angle is indeed sensitive. As a proof-of-principle, we suggest a
simple method to retrieve the width of the grain-size distribution from the statistical deviation of
the measurements of the tilt rotation of the harmonics for a set of polycrystal realizations.
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