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1. Introduction

The terahertz (THz) frequency range of the
electromagnetic spectrum is attracting
considerable attention due to rich opportu-
nities for applications in high-frequency
electronics and communications. Over
the years, THz technology has found wide
use in many fields, such as THz-based elec-
tron acceleration,[1–3] THz spectroscopy
with access to low-energy excitations in a
matter (rotation of molecules, vibration of
crystal lattices, spin precession etc.),[4–7]

nondestructive imaging,[8,9] and on-chip
communication.[10] At the same time, still there are a number
of technological challenges, as (cost) efficient THz sources
and detectors are still scarce, despite some significant advances
in recent years.[11] An important component required for various
THz technologies is efficient frequency converters and, in partic-
ular, THz high harmonic generation (HHG)-based devices.
Gapless 2D Dirac materials are a highly promising material class
for these applications and have shown very large nonlinear sus-
ceptibilities in the THz region and related THz HHG.[12,13]

Harmonic generation up to 7th order has been experimentally
demonstrated in single-layer graphene[12] under 0.3 THz pump.
The underlying mechanism of THz harmonic generation is
based on the asymmetric dynamics of efficient ultrafast heating
and cooling of Dirac fermions during the interaction with
picosecond-long oscillating electric fields.[14] Further Dirac mate-
rials that have experimentally shown efficient THz HHG are the
3D Dirac semimetal Cd3As2

[15,16] and topological insulators.[17]

Additionally, a significant increase in the THz HHG efficiency
has been achieved in graphene-[18] and topological insulator-
based[19] metamaterial structures. This increase in sample com-
plexity for higher THz conversion efficiencies is accompanied
with an increase in cost and accessibility. The finding that
Dirac fermions are the essential prerequisites for efficient
THz HHG motivates the research on the possibly simplest
and virtually cost-free Dirac system, such as graphite[20] pencil
drawings on paper.

In this article, we study terahertz third harmonic generation
(THG) from graphite pencil drawings on paper. We demonstrate
that the THz THG yield at 0.5 THz excitation frequency in graph-
ite is comparable to single-layer graphene. The THG in graphite
is attributed to the presence of multilayer graphene flakes, which
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The third harmonic generation (THG) of graphite layers on paper substrate upon
excitation with intense (up to 100 kV cm�1) narrowband terahertz (THz) pulses is
studied. Highest THG efficiencies are comparable with those of chemical vapor
deposition-grown single-layer graphene. Samples are hand drawn, using com-
mercially available pencils. The THG response shows high sensitivity regarding
the hatching direction relative to the THz polarization orientation. Using Raman
spectroscopy, the occurrence of graphene-like structures in the samples is
confirmed. The findings demonstrate the feasibility of virtually no-cost and easy-
to-fabricate materials for THz nonlinear optics.
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was confirmed using Raman spectroscopy. Therefore, the feasi-
bility of using easy-to-produce graphite-based structures opens
up new possibilities for highly accessible, modifiable, and nearly
cost-free THz frequency multipliers, and pencil-drawn THz
frequency electronic components.

2. Results and Discussion

Figure 1a shows THz third harmonic electric fields generated in
different samples using pump pulses with 0.5 THz central fre-
quency and about 100 kV cm�1 maximum peak field. The sam-
ples were mounted with the hatching direction in the horizontal
plane, that is, perpendicular to the fundamental THz electric
field polarization direction. After the samples, two bandpass fil-
ters with 1.5 THz central frequency were inserted to completely
block the fundamental radiation, and only the THG signal is
transmitted. The overall strongest THG signal from a pencil
drawing is observed from the pure graphite sample (red line in
Figure 1a), which was made using a pencil containing the highest
available graphite concentration and hardness 9B (Sample A).
We used chemical vapor deposition (CVD)-grown graphene as

a reference sample for THz THG, because this type of the
THG emitter provides high conversion efficiency and is well
characterized in previous publications.[17] Compared to CVD-
grown graphene (0.5% THz THG field conversion efficiency
at 100 kV cm�1 pump peak fields),[17] the THG field amplitude
is half as large, corresponding to a field conversion efficiency
of a few times 10�3 at the maximum fundamental field strength
available in the experiment. The THz THG field conversion effi-
ciency is determined as a ratio between generated THG peak
field and the peak field of the fundamental radiation.[17] The
THz THG electric field from the Graphite Aquarelle sample
(Sample B, blue line in Figure 1a) is about 10 times lower
compared to the graphene sample, whereas the oil base graphite
sample (magenta line in Figure 1a, Sample C) did not show any
measurable THz THG signal. Finally, the THz transmission
through bare paper exhibited no sign of THz THG, confirming
that there is no residual signal at 1.5 THz from the experimental
setup. The corresponding Fourier spectra for all samples are
shown in Figure 1b.

To get a deeper insight into the THG mechanism especially
compared to graphene, we analyzed the THG efficiency as a func-
tion of the fundamental beam power. Figure 1c shows the

Figure 1. a) Time domain traces of the transmitted fields, as measured using EOS, from single-layer graphene on SiO2 substrate (CVD graphene), and
different graphite pencil drawings on office paper. The hatching direction of the pencil drawings was horizontal, that is, perpendicular to the THz funda-
mental polarization. The traces are shifted vertically for clarity. b) Corresponding THz THG FFT power spectra of the time-domain signals. c) Logarithmic
plot of the power dependence of the THz THG signal in graphene and the pure graphite (sample A). Fits yielded a power law order of 1.45 for graphene
and 2.28 for sample A.
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comparison of the THG power dependence between sample A
and graphene samples. We observe a deviation from cubic power
law in both samples, which is in accordance with the saturation
effects observed in previous studies on graphene-based sam-
ples.[12,18] More precisely, the graphene sample exhibits a power
law dependence with an order of 1.45� 0.06, while the graphite
sample (sample A) shows an order of 2.28� 0.07. This indicates
that at the moderate-to-high fundamental field strengths used in
the experiment graphene is already in the strong saturation
regime,[12] while the pure graphite sample does not exhibit such
strong saturation behavior. This is particularly apparent for the
highest fundamental power values as shown in Figure 1c.
Therefore, the THG power in graphite is roughly 100 times lower
than that of graphene at low fundamental field strengths, that is,
around 10 kV cm�1. However, at the highest available fluence,
the power difference is reduced to about a factor of 5. It is there-
fore conceivable that using even stronger fundamental fields in
the MV/cm range, the THG efficiency in graphite potentially
could exceed that of graphene. At such high driving field
strengths, other THz field-induced phenomena may contribute
to the THG response of graphite, potentially leading to the

saturation of the THG efficiency, as observed in graphene.
Thus, further research on the THz harmonics response of graph-
ite at MV/cm driving fields is required.

Due to the drawing process using a specific hatching direc-
tion, the graphite samples are expected to show a nonisotropic
behavior when it comes to their orientation with respect to
the THz fundamental field polarization.[21] Therefore, we mea-
sured the THG response for two different sample orientations,
1) with horizontal hatching and 2) vertical hatching, that is, per-
pendicular and parallel to the vertically polarized incident THz
electric field. The time-domain waveforms of fundamental radi-
ation and THG electric fields in sample A are shown in Figure 2a.
In this experiment, we utilized 0.3 THz pump pulses and a single
bandpass filter with a central frequency of 0.9 THz behind the
sample to observe both fundamental and THG signals. To exclu-
sively compare the dependence of THG efficiency on hatching
direction, we applied an additional fast Fourier transform
(FFT) filter to only pick up THG signals in Figure 2b. We observe
an about twice higher value of THz THG field strength from the
horizontally hatched orientation as compared to the vertical one.
The corresponding FFT power spectra of the raw signals are

Figure 2. a) Time domain waveforms of fundamental and THG electric fields in sample A for different hatching directions. b) Plot of the THz THG fields in
(a) after filtering out the fundamental radiation via an FFT filter. c) Corresponding FFT power spectra of the raw signals in (a).
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shown in Figure 2c. We observe the same value for fundamental
beam transmission in both hatching directions but a higher value
for the THG signal in the horizontally hatched orientation. It is
possible that during the process of drawing, where microscopic
graphite/graphene flakes are sheared off the pencil tip, dominant
channels of high conductivity are formed—similar to a wire
grid.[21]. This may lead to a local enhancement of the fundamen-
tal field similar as in the aforementioned metamaterials.[18] At
the same time, such a grid structure is not homogeneous over
the sample area and thus does not visibly modify the linear
THz transmission at fundamental frequency.

For a thorough chemical and structural characterization of the
graphite samples, we used Raman spectroscopy under 532 nm laser
excitation. The recorded Raman spectra for two different graphite
samples and single-layer graphene are presented in Figure 3.

The structural properties of studied carbon materials were
deduced from the G, D, and 2D peaks (labeled in Figure 3a)
in the Raman spectrum. The Raman spectra of graphene and
related materials usually display three main characteristic bands
D, G, and 2D, which correspond to 1350, 1580, and 2700 cm�1,
respectively[22] Graphite consists of stacks of sp2 bonded
graphene sheets.[23] The chemical bonding between the stacked
graphene layers in graphite results in intensity variation of 2D
and G peaks. In particular, the 2D band represents the
second-order Raman scattering by in-plane transverse optical
phonon modes close to the boundary of the Brillion zone.
Therefore, the 2D peak position, its intensity, shape, and width

have a strong relation with the number of atomic layers and the
stacking order structure.[24] Additionally, the G peak represents
the in-plane vibration mode of sp2-hybridized carbon atoms.
Thus, the shape and relative intensity of the 2D and G band pro-
vides information of the number of atomic layers and their stacking
order. As the number of carbon layers increases, the intensity of the
G band increases, and that of the 2D band decreases.[23] For more
than five layers of graphene, the Raman spectrum becomes similar
to that of graphite.[24] This scenario is confirmed by our measure-
ments when comparing the relative intensities of the 2D and G
peaks. While the 2D peak intensity is larger than that of the G peak
in the Raman spectra of single-layer graphene, both graphite sam-
ples show an inverse behavior, indicating the presence ofmultilayer
graphene flakes. Since according to the expectation we observed
more than one component within the 2D peak in the different types
of graphite samples, we compared the component intensities of 2D
peaks to obtain information on the number of the layers.

The 2D peak consists of two dominating components 2D1 and
2D2 (high-energy shoulder) in the graphite spectra as shown in
Figure 3b. This double-peak structure of the 2D band is due to
the splitting of the π-electron dispersion energy, caused by the
interaction between the stacked graphene layers in the graph-
ite.[25] Increasing the number of layers leads to not only to a shift
in the 2D2 band, but also to an increase in the intensity of the 2D2

band, thereby changing the overall shape of the 2D band.[26]

When the intensity of the 2D2 band is higher than the intensity
of the 2D1 band, the graphite samples are considered much

Figure 3. a) Raman spectra of pure graphite (sample A), graphite aquarelle (sample B), and CVD-grown graphene. The spectra are shifted vertically for
clarity. b) Zoom-in of the area near the 2D Raman peaks in the corresponding Raman spectra in (a). The blue line is a fit to the experimental curve using
the superposition of Gaussian (red lines) and Lorentz (black line) peak profiles.
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thicker than 5 layers,[27] and its properties will have less in com-
mon with layered graphene. As shown in Figure 3b, since the
2D2 band of sample B is more intense than the 2D1 band, sample
B has a much larger number of graphene layers, and thus its
properties are less related to graphene. In addition, the roughly
matching intensities of the 2D1 and 2D2 bands in sample A indi-
cate that the number of layers is low; therefore, it can be con-
cluded that sample A exhibits the characteristics of stacked
graphene in contrast to sample B.

The D band originates from the breathing modes of the hexag-
onal carbon ring structure of graphene and its occurrence is related
to defects and disorder of the carbon materials. Any physical or
chemical treatments can cause defects in graphite, leading to the
appearance of the D band in the Raman spectrum. The intensity
ratio of the D and G bands (ID/IG) is used to evaluate the amount of
structural defects in the carbon materials.[28] The calculated ID/IG
ratios of sample B and sampleA are 0.03 and 0.79, respectively. The
higher ID/IG ratio of sample A compared to sample B is indicative
of more defective and disordered nature of sample A.

3. Conclusion

We demonstrate efficient terahertz THG using samples made of
graphite drawings on paper. The THG efficiency here is comparable
with single-layer CVD-grown graphene under 100 kV cm�1 pump
field strength at a fundamental frequency of 0.5 THz. Remarkably,
the THG signal from the graphite/paper samples did not show the
harmonic conversion efficiency saturation that is typically present in
graphene samples at fields strengths approaching 100 kV cm�1.
This might be because the energy relaxation of the excited carriers
in the disordered and defective graphene flakes that are present in
the graphite/paper sample is significantly faster than in single-layer
graphene. It remains to be seen whether at even higher field
strengths the THG efficiency in graphite-based samples can even
surpass that of single-layer graphene. We showed that the drawing
directionality has a strong influence on the THG efficiency, which
may enable further functionality by drawing tailored graphite struc-
tures, for example, for THz field enhancement or polarization con-
trol. We used Raman spectroscopy to characterize the graphene
content and structure in our samples. Here, the concentration of
stacked graphene-like flakes is supposedly a clear indicator for
THG efficiency. Therefore, graphite drawings on paper are a prom-
ising playground for fabricating functional and virtually cost-free
THz nonlinear optical components. Further, THz harmonic gener-
ationmight become a powerful tool for nonlinear imaging of buried
graphite structures, for example, in paintings, where graphite pen-
cils were used for initial sketching.

4. Experimental Section
Graphite samples were hand drawn with pencils on standard office

paper. The pencil was moved across the paper predominantly along one
direction with the goal to produce an even graphite coverage without
strongly visible hatching. Samples with a number of different coverage thick-
nesses were produced per pencil and later characterized for THG output.
We used a large set of commercially available pencils (Faber-Castell) with
different hardness and compositions, namely, Pitt Graphite Pure (sample
A), Pitt Graphite Aquarelle (sample B), and Pitt Oil Base (sample C).
Samples A, B, and C were drawn with a specific pencil, but each represents

a general type of pencil: Pitt Graphite Pure, Pitt Graphite Aquarelle, and Pitt
Oil Base. All samples made with the Pitt Oil Base pencil gave a negligible
THz THG signal; the samples made with the Pitt Graphite Pure pencil gave
THz THG with a range of amplitudes with �10% variation; the samples
made with the Pitt Graphite Aquarelle pencil showed strong variations in
THz THG amplitude, about 90%. Samples A and B were selected as the
samples with the highest THz THG efficiency in each group, corresponding
to the lowest pencil hardness. To investigate the THz THG anisotropy, dif-
ferent drawing patterns were measured and the anisotropy was reproduc-
ible. At the same time, for samples A and B, the THz THG efficiency strongly
varied from sample to sample and further systematic studies were needed
to understand how to control and improve the THz THG. Besides THz
emission characteristics, we characterized the chemical and structural
composition of our samples using Raman spectroscopy. As a point of com-
parison, we examined graphite on paper samples against a single-layer gra-
phene reference sample. The graphene was CVD-grown on a 1 cm� 1 cm
fused silica substrate with a thickness of 0.5mm.

We performed THz THG experiments using a Ti:Sapphire amplified laser
system to generate linearly polarized broadband THz radiation through the
tilted pulse front scheme in a LiNbO3 prism.[29] To generate narrowband THz
radiation, two bandpass filters with a central frequency of 0.3 or 0.5 THz,
rejection bandwidth of>20 dB in field, and a bandwidth of 20% were placed
in the beam path in front of the sample. The filtered THz pulses had about
1 μJ pulse energy and were focused on the sample to a spot size of 800 μm
(full width at half maximum (FWHM)). We used one or two bandpass filters
with central frequency of 0.9 THz (for 0.3 THz) or 1.5 THz (for 0.5 THz)
behind the sample to suppress the transmitted fundamental frequency com-
ponents while transmitting the third harmonic. The transmitted THz wave-
form was detected using electro-optic sampling (EOS) in a 2mm-thick ZnTe
crystal. All measurements were performed at ambient conditions.

The Raman measurements were performed using a 532 nm laser in
backscattering configuration in a Horiba Scientific LabRAM HR
Evolution Raman system. To ensure consistency, the Raman spectra
for all samples were recorded under the same experimental conditions
within a wavenumber range of 1250–2850 cm�1.
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