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Abstract:  We investigated the room-temperature Terahertz (THz) response 
as saturable absorber of turbostratic multilayer graphene grown on the 
carbon-face of silicon carbide. By employing an open-aperture z-scan 
method and a 2.9 THz quantum cascade laser as source, a 10% enhancement 
of transparency is observed. The saturation intensity is several W/cm2, 
mostly attributed to the Pauli blocking effect in the intrinsic graphene layers. 
A visible increase of the modulation depth as a function of the number of 
graphene sheets was recorded as consequence of the low nonsaturable 
losses. The latter in turn revealed that crystalline disorder is the main 
limitation to larger modulations, demonstrating that the THz nonlinear 
absorption properties of turbostratic graphene can be engineered via a 
proper control of the crystalline disorder and the layers number. 
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1. Introduction  

The great interest graphene is attracting for THz optoelectronic and photonic applications [1] 

is well demonstrated by the numerous graphene-based devices recently proposed for the 
manipulation and detection of THz waves [2]. Furthermore, the unique properties of this 
peculiar 2D material make it highly promising even for the development of THz sources. For 
example, the possibility to achieve THz gain has been examined through interband population 
inversion [3-5], as well as via the negative differential resistance (NDR) in the transport 
characteristics of an electronic device [6]. Interestingly, thanks to its fast carrier dynamics (on 
the picosecond time scale [7-10]) and the possibility to saturate the absorption in a broadband 
spectral range [11, 12] with relatively low-power incident radiation, graphene may also be a 
potential candidate for the generation of ultrashort THz pulses by means of passive mode-
locking of already existing THz sources, such as Quantum Cascade Lasers (QCLs). In fact, 
owing to the strong electron-phonon interaction in the gain medium, the intersubband 
transitions of QCLs are characterized by a short relaxation time (of the order of tens of ps in 
the THz range and 1 ps in the mid-IR). This may complicate the achievement of passive mode 
locking [13, 14] with respect to the common ultrashort pulsed laser systems (where the gain 
recovery time is much longer). In fact, it poses stringent requirements on the saturable 
absorber dynamics, even when the conventional passive mode locking conditions are satisfied, 
i.e. when the gain recovery time is longer than cavity roundtrip time (64 ps for a 3 mm long 
cavity). Currently, mode locking in QCLs has been demonstrated via active techniques, 
employing either radiofrequency synthesizers for current modulation [15] or, indirectly, 
through a combined injection seeding and phase synchronization approach [16]. However, in 
both cases external cavity control is a mandatory constraint. It has to be mentioned that 
potential saturable absorbers for THz sources like p-Ge lasers or QCLs have been identified in 
n-type semiconductors (e.g. GaAs, Ge, GaP), where the absorption bleaching is based on the 
lowering of the electron conductivity at high momentum states (where the conduction band 
nonparabolicity is pronounced) and on the scattering into satellite valleys [17]. Nevertheless, 
such effect is achievable only under strong THz electric field, i.e. larger than tens of kV/cm 
[18]. As an alternative, graphene could offer a sufficiently short temporal response of the 
absorption saturation, as well as a potentially lower electric field strength requirement 
(depending on the driving bleaching mechanism, as it will be discussed in the following). Of 
course, the condition that the gain recovery time would exceed the cavity roundtrip one would 
still have to be satisfied by suitable active region design and resonator engineering. 

The ultrafast broadband saturable absorption properties of graphene have been recently 
proven in a wide range of near- and mid-infrared wavelengths both in single- and multi-layer 
structures with successful integration in bulk and fiber lasers [11, 19-21]. Additionally, 
absorption bleaching has been reported in the microwave range [22], pointing out the 
lowering of the saturation intensity threshold for longer excitation wavelengths. Light-induced 
transparency has been observed in a single layer of highly doped graphene under intense ps-
long THz pulses [23]. The nonlinear dependence of the intraband photoconductivity on the 
THz field strength [24, 25] has been identified as the driving source of the saturable 
absorption properties; on the contrary, the Pauli blocking effect occurring in the interband 
transitions has been deemed unlikely in this type of samples. Moreover, the nonlinear THz 
response of multilayer epitaxial graphene has been studied in the excitation regime where the 
interaction of electrons with the external field dominates over the scattering processes [26, 
27]. In this regime the very intense electric field carried by the THz pulses leads to a coherent 
interplay of both inter- and intraband transitions, ultimately leading to an increase of the 
graphene absorption. 

In this letter, we report on the experimental evidence of saturable absorption in undoped 
turbostratic multilayer graphene in a quasi-continuous (cw) THz excitation regime. The open-
aperture z-scan method was applied to fully characterize the pump-intensity dependence of 



the graphene absorption. Light-induced transparency was observed with a few percent rise in 
the graphene transmission as a consequence of the absorption bleaching. The main 
mechanisms associated to the observed transmission enhancement were discussed with 
respect to the specific sample characteristics, i.e. hierarchical isolated-graphene-like behavior 
of the multilayer stack and doping effect, resulting in a dominant Pauli blocking regime 
despite the THz frequency of the radiation. Saturation intensity and modulation depth were 
then studied as a function of the sample thickness, pointing out the possibility to tune the 
saturation properties through the number of graphene layers. Finally, the main limitations for 
a complete absorption saturation were analyzed through a careful study of the crystalline 
disorder of the graphene sheets. 

2. Graphene fabrication and characterization 

A set of three samples was investigated. The latters were graphene multilayers grown via 
chemical vapor deposition (CVD) on the carbon-terminated surface of an insulating silicon 
carbide substrate (4H-SiC (000 )) at a common pressure of 750 mbar. Prior to growth, the 
samples were hydrogen etched to remove polishing scratches and reveal atomic steps [28]. 
Both hydrogen etching and growth were performed in a resistively heated cold-wall reactor 
(high-temperature Aixtron BM). Temperature, growth time and gas flow of methane (CH4) 
were 1410 °C, 3ʹ and 2 sccm for sample 1 and 1380 °C, 3ʹ and 10 sccm for sample 2. Sample 
3 was grown by flowing 5 sccm of CH4 first at 1320 °C for 1ʹ and then at 1340 °C for 4ʹ. The 
argon (Ar) gas flow was 500 sccm in all cases. The number of layers was estimated from the 
flat absorption in the infrared region measured by Fourier transform infrared (FTIR) 
spectroscopy and it corresponds to approximately 25 layers for sample 1, 80 layers for sample 
2 and 85 layers for sample 3. The multilayer epitaxial growth on the carbon-face ensured a 
very low unintentional doping only for the first few layers [29] and a negligible interaction of 
subsequent layers with the substrate [30].  

 

Fig. 1. Representative Raman spectra measured at a pumping wavelength of 532 nm for the sample 
1 (a), 2 (b), 3 (c). The red solid lines are single Lorentzian fits.  



Moreover, micro-Raman spectroscopy revealed the growth of loosely stacked layers, as 
demonstrated by the single Lorentzian shape of second order Raman band (2D peak) [31] 
(Fig.1(a)-1(c)). Under these conditions, it is fair to assume that the optical properties of the 
samples arise from the superposition of the monolayer-like optical response of each layer. In 
all the samples the first order D peak at about 1350 cm-1 was also observed. Generally, in 
pristine graphene this band is forbidden by the scattering selection rules, as it is related to the 
breathing modes of the six-atom rings, and requires defects in the sheet to be Raman activated 
[32]. Consequently, the D peak can be used to establish the quality of the graphene and in 
particular, the ratio of D and G peaks intensities (ID/IG) and full-width at half maximum (ΓG) 
of the G peak quantify and discriminate the disorder within the graphene [9, 32, 33]. 
Considering ID/IG and ΓG values from the Raman spectra of Fig.1(a)-(c) measured at 532 nm, 
all samples have a relatively low disorder and are in the low-defect-density regime [33]. 

3. THz optical saturable absorption 

The nonlinear properties of the samples were investigated at room temperature by collecting 
the light transmitted through the sample when it is translated along the optical axis around the 
beam focus, as typically done in the open-aperture z-scan technique. The laser beam of a 2.9 
THz QCL, operated in a long-pulse regime (15% duty cycle, corresponding to 300 kHz 
frequency and 500 ns pulse width, further modulated at 4 Hz by a square function at 50% duty 
cycle), was focused onto the sample with a beam waist of about 170 μm. The data were 
collected at two different excitation peak intensities, i.e. about 130 and 220 mW/cm2 (at the 
focal point), and the transmitted beam was detected by a thin film-based single element 
thermopile detector (2M from Dexter). 

 
Fig. 2. Z-scan traces of the sample 1 (a), 2 (b), 3 (c) (solid dots) and of the substrate (empty dots). 
The red lines are the fit curves assuming the simple two-level saturable absorber model. 

Figures 2(a)-2(c) show the z-scan traces normalized with respect to the substrate linear 
transmission when an excitation intensity of about 220 mW/cm2 was used. The typical 
signature of the absorption bleaching was observed at the focal point z = 0, where the z-scan 
trace manifests a maximum. This corresponds to a sample transmission enhancement of about 
4% in sample 1 and 10% in samples 2 and 3. No similar feature was found in the substrate 
transmission at the same input intensity scale (empty dots in Figs. 2(a)-2(c)).  

In order to analyze the absorption properties, the simple two-level saturable absorber 
model was assumed. Therefore, taking into account the nearly circular Gaussian spatial profile 



[34] and the quasi-continuous wave driving regime of the QCL (so that the beam intensity is 
assumed time-independent), the dependence of the absorption coefficient on the pump 
intensity is expressed as: 
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where αNS and αS are the nonsaturable and saturable components of the linear absorption α0 

(where α0 = α(I0→0)), respectively. I0(z) is the beam intensity along the optical axis (where  
I0(z) = I0/(1+(z/zR)2), with I0 being the time-independent on-axis intensity and zR the Rayleigh 
range), while Is is the saturation intensity, i.e. the intensity at which the saturable absorption is 
reduced to 1/2.  
The fit of z-scan data, assuming Is and αs as free parameters and taking into account the 
measured samples reflectivity, reveals that the saturation intensity increases with the number 
of layers (Fig. 3(a)), ranging from 4±1 W/cm2 in sample 1 to 10±1 W/cm2 in sample 3, 
corresponding to a saturation fluence of several μJ/cm2.  
 

  

Fig. 3. (a) Saturation intensity as a function of the layers number. (b) Saturable (black solid circles) 
and nonsaturable (red empty circles) absorption coefficients as a function of the layers number. 
The dashed lines are guides to the eye. 

Two mechanisms can be identified as the main causes of the observed absorption 
bleaching in our samples. The predominant one we believe originates from the Pauli blocking 
effect. Thanks to the mostly intrinsic nature of the isolated graphene layers, the overall optical 
properties can indeed be assumed to be driven by interband excitation even in the THz region, 
as confirmed by the nearly flat spectral dependence of the THz transmission observed with 
FTIR spectroscopy (Fig. 4), as well as by magneto-optics measurements that quantified the 
Fermi level to be lower than 10 meV.  

 



 

Fig. 4. Transmittance spectrum in the THz region for sample 1 (blue dashed line), sample 2 (red 
dashed-dotted line) and sample 3 (green dotted line). 

This implies that the larger the number of layers, the more intense the THz excitation is 
needed to generate the proper concentration of photogenerated carriers able to prevent further 
absorption of photons. It is worth noting that the saturation intensity resulted four orders of 
magnitude lower than those observed in the near infrared [11]. This is not unexpected as the 
Dirac-like dispersion relation for both electrons and holes, preserved in our samples by the 
decoupling of layers, possesses a much lower density of states at long wavelengths. This 
yields an easier band-state filling near the Dirac point, thus requiring lower radiation intensity 
to reach Pauli blocking conditions. Secondly, a minor contribution from the first lightly doped 
layers, where intraband transitions are dominant, cannot be ruled out. In this case, the 
absorption bleaching is expected to arise from the lowering of the optical conductivity under 
intense THz electric field due to the induced faster carrier dynamics with the consequent 
suppression of the carrier mobility [23-25]. One has to notice that, in the present experiment, 
the electric field carried by the quasi continuous wave THz source is about 10 V/cm, thus 
coherently driven dynamics [26, 27] may be excluded, since such contributions have been 
observed with THz electric fields of the order of kV/cm.   

All of the samples exhibited good nonlinear absorption properties (Fig. 3(b)). The 
maximum value of modulation depth (αS) was estimated as high as 60±4% in sample 2, while 
all of the samples were characterized by a quite low nonsaturable absorption (αNS < 15%). As 
shown in Fig. 3(b), the ultimate gain in the transparency to THz waves is strongly determined 
by the thickness of the sample. Specifically, it was found that the thicker the sample, the 
higher the modulation depth. Remarkably, this behavior may ensure a possible fine tuning of 
αS only by means of the sample thickness, as in a nearly ideal case. As a matter of fact, in real 
samples the capability to saturate the absorption is generally limited by the quality and by the 
specific characteristics of the sample and is quantified in terms of the nonsaturable component 
αNS. Typically, nonsaturable losses originate from scattering losses at the interface between 
the layers [11], free carrier absorption or defect contributions [35]. While the latest depends 
on the quality of the fabrication technique, the other contributions may dominate under 
specific experimental conditions. Indeed, when short wavelengths are used, the dominant 
source is represented by the scattering losses at the layer interfaces [11], which is unavoidable 
even in case of defect-free graphene. On the contrary, for THz excitation, due to the long 
wavelength, the multi-interface effect has a minor contribution. Instead, when graphene is 
doped, the possible sources of nonsaturable absorption may remain linked to the free carrier 
absorption or to the reflectivity from the sheets, since in this regime the optical conductivity is 
well described by the Drude model. Finally, in both wavelength ranges nonlinear absorptive 



interactions, such as two photon absorption, may have to be taken into account under very 
intense illumination, since they mitigate the absorption saturation [36]. In the present case, 
due to the dominant interband optical conductivity and the relatively low pump intensity, the 
main limitation to the absorption saturation in our samples can be ascribed to the defects.  

Although here all samples are in the limit of low defect density, the two-dimensional 
micro-Raman mapping revealed different degrees of disorder. Fig. 5(a) reports the extremes 
of the interval of ID/IG values estimated in each sample.  

 

 

Fig. 5. (a) ID/IG as a function of the numbers of layers. Max (red circle), mean (green square) and 
min (black diamond) correspond to the maximum, mean and minimum values of ID/IG, 
respectively, as estimated from a representative micro-Raman mapped area (30x30 μm2). (b) Ratio 
between the nonsaturable and the linear absorption coefficients as a function of the number of 
layers.  

Sample 2 has good quality and homogeneity, with ID/IG ranging between 0.07 and 0.09, 
whereas samples 1 and 3 manifested slightly higher disorder and inhomogeneity (ID/IG = 
0.1÷0.3 and 0.17÷0.33, respectively). Ultrafast studies in similar samples [9, 10] demonstrated 
a strong influence of defects on the graphene carrier dynamics. Particularly, it was shown that 
the slower relaxation time of the photogenerated carriers, which was related to the carrier-
phonon scattering and possibly to electron-hole recombination, is inversely proportional to 
ID/IG [9]. From the comparison of Figs. 5(a) and 5(b), the contribution of nonsaturable 
absorption (expressed as αNS/α0 in Fig. 5(b) to define a parameter independent on the number 
of layers) is qualitatively well described by the crystallinity degree of the graphene (it is worth 
mentioning that the disorder contribution was actually averaged over the area probed by the 
spot size of the THz laser). Based on this result, αNS in our samples may be explained as 
mainly arising from the defect-induced increased rate of the scattering processes, which is 
responsible for faster recovery times.  
4. Conclusion 
Open-aperture z-scan experiments were carried out to characterize the saturable absorption of 
multilayer turbostratic graphene in a long-pulse regime at 2.9 THz. Thanks to intrinsic nature 
of the multilayers, the Pauli blocking effect was identified as the dominant mechanism driving 
the absorption bleaching. The saturation intensity was estimated to be several W/cm2. With 
respect to the linear absorption all samples showed large modulation depth, which was found 
increasing with the sample thickness, like in the nearly ideal case. From the analysis of the 
possible causes limiting the light-induced transparency in our samples, the absorption 
saturation resulted to be mainly influenced by the quality of the graphene sheets. As a 
consequence, for a specific number of layers, the maximum light-induced transparency in 
undoped turbostratic multilayer graphene is to be achieved predominantly through the control 
of the crystal disorder. This material represents a favorable platform for obtaining high 



performance THz saturable absorbers, which would pave the way to novel graphene-based 
mode-locked THz lasers. 
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