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Abstract. The conical band structure is the cornerstone of graphene’s ultra-broadband optical
conductivity. For practical use of' graphene in nonlinear photonics, however, substantial
increases of the lightématterminteraction strength will be required while preserving the
promising features of monolayers, as the interaction of light with a single atomic layer is
limited due to the extremely shortiinteraction length and low density of state, particularly for
the long-wavelength, region. Here, we report that this demand can be fulfilled by random
stacking of high-quality large-area monolayer graphene up to a requested number of layers,
which leads to the electronicinteraction between layers being effectively switched off due to
turbostratic disorder. The nonlinear characteristics of randomly stacked multilayer graphene
(RSMG), which nginates from a thermo-modulational feedback mechanism through ultrafast
free-carrier  heating {and temperature-dependent carrier-phonon collisions, show clear
improvements in the terahertz (THz) regime with increasing layer numbers, whereas as-grown
multilayer graphene (AGMG) exhibits limited behaviors due to strong interlayer coupling.
This..controllable, nonlinearity enhancement provides an ideal prerequisite for developing
efficient graphene-based THz photonic devices.

Keywords. Graphene, Random stacking, Terahertz nonlinearity, Ultrafast terahertz
conductivity, Terahertz nonlinear absorption

Since the demonstration of the successful isolation of a single atomic layer of carbon, i.e., graphene,

from bulk graphite, the electronic transport and optical properties of graphene have been intensively

exploited [1-5].

Subsequent studies on various nonlinear optical phenomena of graphene, such as
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nonlinear absorption [6-8], optical limiting [9,10], and optical frequency conversion [11,12]; have
been conducted by employing ultrashort laser pulses. In addition, intraband relaxation and interband
recombination dynamics in graphene were investigated by optical pump and THz probe spectroseopy
[13]. However, these intrinsic nonlinearities of graphene in visible and near-infrared frequency. ranges
are still considered to be limited for practical photonic applications [14]. Furthermore, fabricating
high-quality monocrystalline graphene on a wafer scale remains extremely difficulteven with the
current state-of-the-art technology. -

Despite these issues, however, the nonlinear optical application of graphenesin the terahertz (THz)
frequency regime appears highly promising, since the highly doped. monolayer graphene and nearly
intrinsic multilayer graphene can substantially absorb THz photons)through intraband [15,16] and
interband transitions [17]. Recent theoretical and experimental studies have demonstrated that a
recorded photon absorption rate of up to 46% and a transmission.modulation reaching 28% could be
achieved by moderate fluences of THz pulses [18-20]. Furthermore, many of these results were
obtained by using polycrystalline graphene fabricated by chemical vapor deposition (CVD),
indicating that the THz nonlinear properties are not significantly influenced by the preferential
direction of graphene’s crystallinityadue to the relatively long wavelengths of THz pulses (A=300 pm
at 1 THz) compared to the typical average domain size (~ a few micrometers) of the graphene samples
used.

In addition to the gpromising THzmonlinearity of monolayer graphene, the improved functionality
required by practical.applications can be obtained by fabricating multilayer graphene. Although recent
studies on the interlayer interaction in bilayer graphene have shown that Van Hove singularities in the
electronic/band structure of bilayer graphene could be effectively switched on/off by rotating the
relative orientation/ between two graphene layers [21,22], the impact of this effect on the THz
frequency regime appears to be limited, as this single domain feature is mainly smeared by the multi-
domain nature of graphene on a scale of a few centimeters.

Inithis study, we prepared four graphene samples with different numbers of layers on a wafer scale to

investigate their THz nonlinearities through nonlinear transmission and z-scan experiments with high-
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intensity broadband THz pulses centered at 0.6 THz (see Experimental Section). Large-area
multilayer graphene samples of high quality could be prepared by the sequential random stacking of
monolayer graphene up to the required number of layers. The key difference between our RSMG
devices and the devices consisted of the same number of individual monolayer graphene isthat two
neighboring layers in RSMG films are not separated by a spacer but connected'by a weak interlayer
van der Waals force on atomic scales. This electronic interaction between layers can be effectively
switched off in THz nonlinear devices due to turbostratic disorder of! CVD-gT(;VIl graphene layers,
which leads to preserving the Dirac-fermionic feature of graphene and, in eventual, is responsible for
the observed enhanced nonlinearities of RSMG films with a fewhatomic' thicknesses. In nonlinear
transmission experiments, we obtained more than four-fold enhancement in transmission modulation
with a 4-layer RSMG compared to an AGMG with the'same number of layers. Through the excellent
agreement of experimental results with a theoretical model, w: are able to explain the observed
nonlinear transmission modulation of our' samples based on a thermo-modulational feedback
mechanism whereby the optical conduetivity of graphene is driven by the ultrafast heating of carriers
and carrier-phonon collisions which affect the absorptivity during the passage of a high-intensity THz
pulse. From z-scan experimental results, we confirmed that the nonlinear absorption coefficients of

RSMGs in the THz frequency|region are one order of magnitude larger than those of AGMGs and

even three orders of magnitude laﬁer than the values measured in the near-IR spectral range.

2. Raman spectroscopic responses of AGMGs and RSMGs

Monolayer graphene can be synthesized by CVD growth on large-area Cu foils. Figure 1a shows a
photograph of acentrically stacked monolayer graphene layers in dimensions of 2 x 2 cm”. In addition
to a monolayer,sample, 2-, 4-, and 8-layer graphene samples were fabricated by iterative transfer
processes on quartz substrates (see inset and Experimental Section). In our multilayer graphene
samples;ithe interlayer orientation cannot be sharply defined, as the crystal axes of monocrystalline
domains on the order of few tens of micron square are randomly oriented in the stacked area [23,24].

In"addition to RSMG samples, we fabricated AGMG samples, which were directly synthesized by
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controlling CVD conditions without further additional stacking procedures, to compare the nN

optical characteristics between the two arrangements. The measured UV-to-NIR transmiss @
(see Section S1 of Supplementary Information (SI)) confirmed that these AGM&ﬁl s con d o

two and four graphene layers, with 2.3% absorption per layer, as governed by the fi cture
constant (a« = e?/(4mheyc) = 1/137).
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aphs and Raman characteristics of RSMGs and AGMGs. (a) Photographs of step-like RSMGs
and graphene films transferred onto quartz substrates for experiments (inset). The different opacities in the
la g regions are visible to the naked eye (scale bars are 1 cm). (b) Raman spectra of four RSMGs at 514

nm excitation. G-peaks and 2D-peaks appear at approximately 1582 and 2690 cm™, respectively, corresponding

e E,, vibration mode at the /-point the second-order A;, phonon vibration mode at the K-point in
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momentum space. The inset magnifies the region around the 2D-modes. Vertical lines imply the blue-shift of
2D-mode frequencies after stacking processes. (c-f) Two-dimensional mapping data (13 x 13 points over the
area of 25 x 25 um®) and their statistic analyses for Raman spectra of four different multilayer graphene samples.
The relative peak intensities of the 2D-mode with respect to that of the G-mode (I(2D)/1(G)) are differentially
distributed depending on the stacked structure and the number of graphene layers. For a comparison;the relative
peak intensity distribution of monolayer graphene is also shown in four histograms with<black histogram. (g,h)
Raman spectra measured at several sampling points (circles in Figure le and 1f). The/LorentziannEFWHM (39.8
cm’™) of the 2D-mode in monolayer graphene was retained even after the stacking process in'RSMGs (37.7 +
3.6 cm™), whereas the FWHMs of the 2-layer and 4-layer AGMGs were broadéned to 4\5.2 and 41.9 cm™ (see

insets).

Raman spectroscopy measurements were conducted with a commercial Raman microscope (inVia
Raman microscope, Renishaw plc. Gloucestershire, UK) to examine the crystalline quality of the
samples and assess the number of layers and stacking.order. Aslight at a wavelength of 514 nm was
focused on graphene samples (a focused spot sizeé ~ 1 pm?) using an objective lens (Numerical
Aperture = 0.5, 20X). For each sample, Raman spectra were performed at 169 (13 x 13) different
points in area of 25 x 25 um’.

We measured intensities at the G- (1582 ¢m') and the 2D-mode (2690 cm™) in Raman spectra and
presented the spatial mappings of the 2D-peak intensity normalized by the G-peak intensity
(I(2D)/I(G)) in figure 1c and/1d. Figure 'le and 1f show their statistical analysis. The values of
1(2D)/1(G) are mostly distributed from0to 6 for all samples, but their average values and distributions
are apparently different from'each other, depending on the number of layer and the stacking method.
For an easy comparisony,the, I(2D)/I(G) distribution of monolayer graphene (black histograms)
reported in our previous work are presented as well [25]. We observed clear differences in Raman
responses between AGMGs and RSMGs. In case of AGMG samples, the peak intensities of the 2D-
mode at whole locations are nearly analogous to those of the G-mode or slightly higher. This result
seems to be quite similar to typical Raman responses of Bernal stacked 2-layer graphene [26]. The
2D-mode in monolayer graphene splits into four different modes in Bernal stacked 2-layer graphene
due to the double resonance process of the optical phonons. As a consequence, the value of [(2D)/I(G)

decreases in AGMG [21]. By contrast, the value of I(2D)/I(G) for RSMGs show widespread
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distributions, and the most of locations of RSMGs show similar characteristics of monolayer graphene.

From these Raman spectroscopic data, we selected the most representative Raman spectra of our
graphene samples and found that the iterative layer-by-layer stacking process led to only matginal
changes in the Raman spectra (see figure 1b). While the peak intensity of the G- and 2D-modes
increased linearly with an increasing number of layers, the relative peak inténsity I(2D)/I(G) was
nearly constant (~3) for all samples. The almost suppressed D-mode at approximately 1350 cm™ and
the Lorentzian-shape of the 2D-mode at approximately 2690 cm™ (see/inset) arawo clear indicators
of the high quality of graphene and the stacking orientation disorder ofithe fabricated samples [27].
From the frequency shift of the G-mode located near 1580 cm™j»which is linked to the stretching
mode of C-C bonding and directly correlates with the doping state of graphene [28-30], we found that
all fabricated RSMG samples are p-doped with a Fermi level of about -162 meV. From the quasi-
maintained line shapes at both modes, all RSMG samples can b.e considered to possess nearly the
same electronic band structure of monolayer graphene, except for the degeneracy of the electronic
states. Since crystalline species of graphene can be also identified by spectral bandwidth of the 2D-
mode, we compared Raman spectra (see figure 1g and 1h) at several selected sampling points in four
histograms and found that the 2-vand 4-layer AGMG samples have broader full widths at half
maximum (FWHM) at the 2D mode (45.2'and 41.9 cm™) than the monolayer graphene (39.8 cm™) or
RSMG (36.7 cm™). From the fact thatitie Raman response of RSMGs shows a clear similarity to that
of monolayer graphene, in'shape and distribution, we expect that the nonlinear optical characteristics
of graphene in the THz regime could be well preserved even in multilayer graphene films, when

individual graphene sheets are artificially stacked, not naturally grown.

3. THz nonlinear transmission characteristics of AGMG and RSMG and thermo-modulational
feedback model

To confirm the influence of the number of layers (V) and the interlayer coupling on the THz nonlinear
conductivities of RSMG and AGMG samples, the intensity-dependent THz transmission behaviors

were investigated (figure 2; see also Section 2 of SI for the detailed transmission-type THz nonlinear
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spectroscopy system). We observed clear distinctions in THz absorption and nonlinear transmission
modulation between the RSMGs and AGMGs, as shown in figure 2a. In the lower THz fluence
regime < 100 nJ/cm’, the linear THz transmissions (T};;,) of RSMG samples were measured to-be
approximately 71% (2-layer) and 55% (4-layer), and these results are nearly analogous to linear THz
transmission data measured by a THz-TDS (time-domain spectroscopy) using a photoconductive
antenna based on a Ti:sapphire oscillator (see Figure S1b of SI). In case of AGMG samples, Ty, are
measured to be 76% for the 2-layer and 69% for the 4-layer. The measured Tlin\and Raman G-mode
frequencies (~1582 cm™ for both AGMGs in figure lc and 1d) indicate,that:¢hemical potentials of

AGMG samples are comparable to those of RSMG samples [30].
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Figure 2. Nonlinear optical characteristics of RSMGs and AGMGs in THz frequency range. (a) THz nonlinear
transmission,of RSMG and AGMG films depends on the number of active bands for the occupied level of
carriers.(b) Schematics of different electronic band structures of 2-layer AGMG and RSMG. (c) Effective sheet
conductivity of four RSMGs as a function of incident THz fluence. (d) Experimental results on change in

nonlinear THz transmission (dots) for monolayer graphene and 2-, 4- and 8-layer RSMGs as a function of
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incident THz fluence, together with theoretical fits obtained from thermo-modulational pulse-transmission

theory (red solids).

As the THz fluence increased above 1 pJ/cm?, all of the samples became gradually transparent. The
THz nonlinear modulation depth (AT), defined as the transmission difference between the saturated
transmission (Tsqe) at a THz fluence of 85.5 pJ/cm® and the linear one (Tjjy,), was measured to be
approximately four times larger for a RSMG sample than an AGMG saniple with the:same number of
layers (N=2 and 4).

The enhanced THz nonlinear modulation of RSMGs is attributed to the increased number of active
bands that interact with incoming THz photons, as shown infigure 2b (se€ Section 3 in SI for detailed
discussion). At a measured chemical potential of u=-162 meV, the number of active bands in an
AGMG is always smaller than in an equivalent RSMG. As aconsequence, AGMGs possess lower
THz conductivities than RSMGs. For instance,in the 2-layet/AAGMG, half of the electronic bands do
not contribute to the THz conductivity because the interlayer coupling raises the sub-lattice symmetry
near the K-point and pushes down the lowest'valence band by as much as ~0.4 eV, assuming both
layers to be AB-stacked with an.electron-hole asymmetry [31,32]. The values of Tj;, and AT of the
4-layer AGMG can be explainedsimilarly. By contrast, the N-fold degenerate bands in RSMGs are all
active and retain the linear dispeqion of the monolayer graphene. As a result, the THz conductivity of
a RSMG grows stronger as themumber of graphene layers N increases, as shown in figure 2c.

The observed nonlinearities of our graphene are explained by the intraband (ohmic) heating of the
carrier plasma caused by, intense THz fields, which in turn induces a change of carrier temperature
and collisionless during the passage of the pulse [17,19,20,33]. The resulting change of conductivity
on sub-picosecond timescales [19] leads to a saturation of pulse transmission with increasing THz
fluence. To aceount for the differential changes of temperature and collision loss during the passage
of-the pulse we formulate a thermo-modulational pulse-transmission model detailed in Section 5 of
the SI.

Figure 2d shows the measured THz nonlinear transmission data for our RSMG samples with different

numbers of layers (circles) and the corresponding theoretical calculations (solid lines), where the THz
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modulation depths of monolayer graphene and 2-, 4-, and 8-layer RSMG were measured to be 11.6%,
14.6%, 18.1%, and 20.1%, respectively. In our theoretical model, as RSMGs retain the linear band
structure of a graphene monolayer, the effective conductivity of a N-layer graphene is"simply
expressed by Nay (i, 8;Vcon), where oy is the conductivity of monolayer graphene depending on the
chemical potential u, carrier temperature 8, and collision rate y.,; [33]. During the passage of a
THz pulse (~1 ps), the pulse energy is continuously transferred to the carrier plasma by collective
excitation of the electrons in the valence band, leading to an increase/in carrier\temperature 6 and,
eventually, a higher collision rate y.,; (see Section S4 in SI), which inturn’decreases the intraband
conductivity, as shown in figure 2¢. In addition to the excellent agreement between the theoretical and
experimental values, we found that the values of the efficiency parameter 1, the fraction of the
absorbed energy remaining in the carrier system over/the duration. of the pulse, are of the same order

of magnitude as those reported in a previous THz-pump/THz-probe experiment [34] (see Section 5 in

SI for a detailed discussion).

4. THz nonlinear absorption coefficients of AGMG and RSMG measured by z-scan

The nonlinearity of RSMG can be further quantified by the nonlinear absorption coefficient (Bry;).
Open-aperture THz z-scan measuiements were performed on graphene samples. Figure 3a shows that
the highest THz peak inténsity/at the focus (~19.6 MW/cm®) between two off-axis parabolic mirrors
leads to an increase of the THzitransmission in all graphene samples. The Bry, values obtained for
monolayer and 24, 4-, and 8-layer RSMG samples were -1.76 x 10%, -1.26 x 10*, -1.01 x 10*, -0.67 x
10* cm/MW,_respectively, extracted by standard z-scan fitting equations [35]. Despite the slight
decrease in ffy, with increasing N resulting from contamination with a residual polymer and
ambiguous defects during the stacking process, these values were of the same order of magnitude as
the values derived from the thermo-modulational transmission model, -9.94 x 10*, -6.16 x 10*, -4.63 x
10*, and -3.94 x 10* cm/MW, respectively. For 2- and 4-layer AGMG samples, Bry, values (-3.81 x

10% and -1.49x 10’ cm/MW) are one order lower than those of RSMG for the same N due to the

reduced density of states in AGMG. All Sy, values of RSMG samples in the THz regime are
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approximately three orders of magnitude lager than the values measured at a wavelength of 800 nm (-
3.06 x 10, -1.87 x 10", -1.29 x 10', and -1.10 x 10" cm/MW for the mono-, 2-, 4-, and 8-layer
graphene, respectively; see also figure S6 in the SI). To show the reliability of measurementsy-we
depict the values of our samples together with the previously reported values for'monolayer,and 2-

layer graphenes [8,36] and other low-dimensional nanocarbons [37,38] in figuré 3b.
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Figure 3. THz nonlinear absorption‘coefficients of AGMGs and RSMGs and comparison with previous results
for other low-dimensional nanocarbons. (a) Experimental results on THz open-aperture z-scan measurement of
monolayer graphene, AGMGs, and*RSMGs films, with fit curves (red solids) used to extract nonlinear
absorption coefficients (8) at THz frequency. (b) Comparison of absolute f values with other low-dimensional
nanocarbons in a wideftequency rangé from THz to the near-infrared region. Black, green, blue, orange, purple,
and brown dots represent our.experimental and theoretical values for six different samples, monolayer graphene
and 2-, 4-, and 84layer RSMGs and 2- and 4-layer AGMGs, respectively. MLG: monolayer graphene on Si
substrate, BLG:‘undoped bilayer graphene with Bernal stacking, GS: graphene suspension, GCC: graphene-
copper porphyrin: composite, GZC: graphene-zinc porphyrin composite, GOS: graphene-oxide suspension,
SWCNT: single-walled carbon nanotube. Note that the three values in Ref. 37 were obtained by optical limiting

phenemena usingmanosecond pulses.

5. Methods

Sample preparation: For this experiment, monolayer graphene was synthesized by CVD on Cu foils

using a similar technique to the one reported in Ref. 39. The carbon atoms are deposited from a
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methane/hydrogen gas mixture on Cu domains at a 1000°C heating temperature, and they are‘linked
to each other on the Cu foil by rapid cooling. We subsequently used the polymer-assisted transfer
technique to replace the Cu foil with a quartz substrate. After spin-coating of polymethyl-
methacrylate (PMMA) in chlorobenzene on well-grown monolayer graphene, the underlying:Cu foil
was etched away by 0.5 M aqueous FeCl; solution. The monolayer graphene©on quartz was obtained
by scooping up the floating graphene layer and rinsing the supporting PMMA layer with acetone. For
the fabrication of RSMG, additional monolayer graphene was transferred onto the\graphene—deposited

quartz through an iterative layer-by-layer stacking process.

THz transmission measurement:. Electro-optic sampling (EOS), and '@ pyroelectric power meter
(THZ5B-MT-DZ, Gentec-EO) were used to measure the time trace of THz electric fields and THz
average powers, respectively. Quasi single-cycle subpicosecond:Broadband THz pulses serving as the
light source were generated by optical rectification in LiNbO; using a Ti:sapphire regenerative
amplifier operating at 1 kHz. The central frequencyrand spectral bandwidth of the THz pulses
(delivering a maximum average output pewer of4:3 mW) were 0.6 THz and 1 THz, respectively. The
THz beam waist between the two off-axis parabelic mirrors was 1 mm, measured by a pyroelectric
camera (PyroCAM-III, OPHIR)«We vatied the THz pump energy fluence at the sample position from
7.2 nJ/em’ to 85.5 pJ/cm’ using a\gold wire-grid polarizer pair with a dynamic range of approximately

40 dB.

6. Conclusion

In summary, the unique nonlinear optical characteristics of RSMG have been systematically
investigated,in the THz frequency range in comparison with AGMG. The large-area RSMGs, easily
fabricated through layer-by-layer stacking of high-quality monolayer graphene and preserving the
mtrinsic optical characteristics of monolayer graphene, show controllable nonlinearity with substantial
enhancements in the transmission modulation of up to a factor of more than four compared to that of

AGMG and three orders of magnitude larger THz nonlinear absorption coefficients than those
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achieved in the near-IR region. This significant boosting of THz nonlinearities in RSMGs originates
from the effective switching-off of the interlayer coupling between graphene sheets and the
subsequent superposition of the Dirac-fermionic electronic band of graphene. The fluence-dependent
nonlinear THz transmission can be well explained by a thermo-modulational feedback mechanism
originating from the ultrafast free carrier heating and carrier-phonon collisions.  These results,
including enormously large THz nonlinearity and its easy controllability \by the |layer-by-layer
stacking process, make RSMGs highly suitable candidates for a variety of applEations in graphene-

based THz nonlinear photonic devices.
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