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Graphene is a useful saturable absorber in a variety of lasers working in mode-locking or Q-switch

regimes. The optical performance of chemically synthesized graphene is still not completely charac-

terized. In this study, the saturable absorption and the nonlinear refractive index of graphene flakes in

N-methylpyrrolidone, in both liquid and solid phases, have been studied at 800 nm with the z-scan

technique using femtosecond laser pulses. The results obtained using a Ti:sapphire laser oscillator in

the mode-locking regime (6 fs, 78 MHz) or in the continuous wave shows that the optical properties

of graphene have a thermal origin, while at the lower repetition rate and higher energy and intensity

of a Ti:sapphire amplifier (95 fs, 1 kHz), it shows the electronic Kerr effect. Solid samples with very

high optical densities, equivalent to 60 layers of graphene grown by chemical vapor deposition

(CVD), can be fabricated. They show a higher saturation intensity (Is � 100 GW cm–2) than CVD-

grown (74 MW cm–2) or epitaxially grown (4 GW cm–2) graphene and intensity-dependent changes

in transmission from 25% to 43%. This change in transmission in multilayer solid samples points to a

good performance as a saturable absorber in laser cavities. Published by AIP Publishing.
https://doi.org/10.1063/1.5025781

I. INTRODUCTION

Graphene, either physically or chemically synthesized,

is a relatively new material which has attracted much atten-

tion because of its distinctive physical properties, including

the optical ones. Graphene related materials, such as gra-

phene oxide, also show similar interesting optical properties.

In the last years, much work has been done in the optical

characterization of graphene and other graphene related

materials in different spectral zones and temporal ranges.

Representative works include the study with the z-scan

technique1 of the nonlinear refractive and absorptive optical

properties of graphene grown by chemical vapor deposition

(CVD) or epitaxially, reporting values of n2 ¼ 10–7

cm2 W–1,2 or more recently, n2 ¼ –1.1� 10–9 cm2 W–1,3 for

the nonlinear refractive index of monolayer graphene, and Is

¼ 74 MW cm–2,2 or 4 GW cm–2 (Ref. 4) for the saturation

intensity. These results indicate that the optical properties of

graphene are sensitive to various parameters, such as dop-

ing.3 The optical properties of suspensions of graphene,

graphene oxide, and other derivatives have also been

studied.5–12

N-methylpyrrolidone (NMP) is an excellent solvent for

graphene in the sense that very high concentrations of gra-

phene can be reached by sonication of graphite and that the sta-

bility of the suspensions is high.13,14 While graphene has been

optically characterized in a variety solvents,15 there are only

few works in NMP16–18 using infrared lasers with fs and ns

pulse duration or at 532 nm with ns pulse durations, and mostly

on saturable absorption (SA) and optical limiting. Given the

high concentrations that can be reached in NMP, optically

dense films can be prepared by deposition of some drops on a

glass substrate and subsequent solvent evaporation or desicca-

tion. This has the advantage that graphene films can be fabri-

cated in an easy way with a high optical density, equivalent to

a multilayer CVD (Chemical Vapor Deposition)-grown gra-

phene, which is much more expensive and time consuming to

fabricate. This work aims to explore the nonlinear optical char-

acteristics of liquid suspensions of graphene in NMP and in

solid form, obtained by desiccation on glass substrates, at

800 nm using femtosecond laser pulses.

II. EXPERIMENTAL SECTION

A. Laser sources

We used two laser sources. One was a Ti:sapphire oscil-

lator operating in the mode-locking (ML) regime at 78 MHz

with an average power of 100 mW and pulse duration of 6

fs,19 or operating in a continuous wave (cw) with an average

power of 120 mW. To perform temporally resolved measure-

ments, a light chopper was employed (see Sec. II D). The

other laser was a Ti:sapphire amplifier with a pulse duration

of 95 fs and a repetition rate of 1 kHz, with pulse energies up

to 1 mJ. Both lasers were linearly polarized.a)Electronic mail: weigand@fis.ucm.es
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B. Preparation of graphene in NMP

The liquid exfoliation of graphite13 or expanded graph-

ite20 is widely used to prepare a dispersion of graphene in an

organic solvent like NMP. A graphene dispersion in NMP

was prepared by ultrasonic treatment of expanded graphite

(Angstron Materials, N002-PDR) for 20 min, by using a

UP400S ultrasonic processor (Hielscher). Then, the heavier

parts of the sample (graphitic species) were left to precipitate

overnight, and the supernatant was collected. It is known

that the higher the sonication time, the higher the concentra-

tion of dispersed particles and the lower the flake size.21 In

this case, the lateral size of the as-produced flakes ranges

from sub-micron up to a few micrometers. The concentration

of the dispersion was determined gravimetrically by passing

it through a pre-weighted fluoropore membrane (0.2 lm pore

size), obtaining a value of ca. 0.8 mg ml�1.

C. Preparation of samples

The optical study was done in liquid suspensions and

solid samples. The liquid suspensions were obtained by

diluting the stock suspension. For the measurements with the

oscillator, we started by adding a 2 ll drop with a micropi-

pette to a 300 ll fused silica cuvette with a 1 mm optical path

length, filled with NMP. The divergence of the beam when

focused on the sample (see Sec. II D) was very strong to be

able to collect the whole beam within the detector’s area,

even at short distances, which on the other side can damage

the detector. Hence, this suspension was further diluted with

NMP up to 5.3� 10–4 mg ml�1, until the observed diver-

gence was small enough to perform the open aperture (OA)

measurements (see Sec. II D) with the detector positioned

out of the translation stage of the sample. For the measure-

ments with the amplifier, 8 ll of the stock suspension was

added to a fused silica cuvette with a 1 mm optical path

length, filled with 300 microl of NMP.

The solid samples were made by dropping several drops

of the stock suspension (sample S1/1) or a 1/4 diluted sus-

pension (sample S1/4) onto a standard microscope cover

glass whose lateral edges had been delimited with a scotch

tape, forming a square of approximately 8� 8 mm2. The

pure solvent or the suspension was left to dry at room tem-

perature for more than one day. This procedure resulted in

much more homogeneous samples than those done with heat

treatment in an oven at 60–80 �C. We obtained samples with

a reasonable uniform distribution of the material [Figs. 1(a)

and 1(b)]. Figures 1(c) and 1(d) show the atomic force

microscope (AFM) images of samples S1/1 and S1/4. We

can observe that the flakes have micron-sized areas, with a

quite homogeneous distribution and that they pile-up in a

disordered manner up to a total thickness of around hundreds

of nanometers, namely, approximately 400 nm for S1/1,

800 nm for S1/4, and 670 nm for NMP, as deduced using the

software for data treatment of the AFM. These thicknesses

can be also seen in the black and white height scale in Fig. 1.

To identify the composition of the solid sample, Raman

spectra were taken (Fig. 2). The most important features in

the Raman spectra are the G band appearing around

1585 cm–1, an intense disorder-induced D band at 1348 cm–1,

the second order 2D band at around 2690 cm–1, and the

DþG band at 2933 cm–1, indicating the presence of multi-

layer graphene.22 Raman spectra collected at different points

in the samples were reproducible, indicating a certain degree

of uniformity. In addition, Raman spectra before and after

irradiation are almost identical, with a very similar ID/IG

ratio. Since the areas illuminated by the Raman laser and the

Ti:sapphire are similar, this reveals no degradation due to

the laser measurements.23

Further characterization on the flakes dimensions and

thicknesses was conducted by transmission electron micros-

copy (TEM), using a JEOL 3000F electron microscope oper-

ated at 300 kV for a 1/4 diluted suspension. Figure 3(a)

shows a large area on the grid, where more homogeneous

(A1) and more wrinkled flakes (A2) can be observed. Figure

3(b) shows a higher resolution image where several flakes

can be seen piled-up in four different zones (Z1–Z4). Z1

shows the smallest number of flakes, and Z2–Z4 seem to be

adding a layer at a time. Figure 3(c) shows a large resolution

image in a zone similar to Z4 along with its electron diffrac-

tion pattern. A similar diffraction pattern was obtained in

zone A2. The apparent amorphous structure observed in

Figs. 3(b) and 3(c) along with the electron diffraction pattern

evidences that the sheet is graphene. In the case of having

FIG. 1. Picture of a solid sample done by evaporation of some drops of (a)

the stock solution 1/1 (sample S1/1) or (b) diluted to 1/4 (sample S1/4).

AFM images of samples (c) S1/1 and (d) S1/4.

FIG. 2. Raman spectrum of the solid samples S1/1 (solid line) and S1/4 (dot-

ted line).
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graphite-like sheets, the electron diffraction pattern would

show a hexagonal distribution of perfectly well shaped

reflections, and the corresponding high-resolution image

would show the lattice constants. Instead, we observed a

ring-like electron diffraction pattern, indicating a disordered

stack of several graphene layers. The results are in agree-

ment with the Raman spectra, and we can assume that the

samples consist of disordered piled-up graphene layers,

which cannot be considered graphite-like structures.

From now on we will call NMP as a sample of pure NMP

(either liquid or desiccated), and G as a sample of graphene in

NMP (either a liquid suspension or a desiccated suspension).

To distinguish between the liquid and solid phases, we will use

prefixes L and S, respectively. To distinguish between mea-

surements done with the oscillator or the amplifier, we use cw

for the oscillator in the continuous wave, ML for the oscillator

in mode-locking, and A for the amplifier. Thus, a measurement

done in liquid NMP with the oscillator in mode-locking will be

identified as NMP-L-ML, in the cw mode as NMP-L-cw, a

measurement in a solid sample of the evaporated suspension of

graphene in NMP with the amplifier as G-S-A, etc.

Each sample was characterized by its linear transmission

with the Ti:sapphire laser oscillator operating in cw. For the

liquid samples, we obtained TNMP ¼ 95% for pure NMP and

TNMPG ¼ 94% for the suspension of graphene in NMP, at

the low concentrations used in the oscillator experiments,

and TNMPG ¼ 63% at the higher concentration used in the

experiments with the amplifier. For the solid samples, we

obtained TNMP ¼ 93% for evaporated NMP, TNMPG ¼ 25%

for S1/1, and TNMPG ¼ 65% for S1/4. For a more complete

characterization, ultraviolet (UV)-visible (Vis)-near infrared

(NIR) transmission spectra (Fig. 4) were measured using a

UV-Vis-NIR spectrometer (Shimadzu UV-3100) equipped

with an integrating sphere, so that only changes in transmit-

tance due to absorption were detected. In Fig. 4(a), the trans-

mission of liquid NMP (95%) and graphene suspensions

(94% for the oscillator in cw or ML and 63% for the ampli-

fier) at 800 nm can be seen. The curves are very flat, as

expected, since NMP absorbs in the deep UV, and graphene

is a zero band-gap material. The decay below 300 nm is due

to the absorption of the cuvette, and the sample G-L-A seems

to have a larger absorption in the UV around 400 nm than in

the Vis-NIR zone. In Fig. 4(b), both the glass substrate and

desiccated NMP display a flat transmission but the desic-

cated suspensions of graphene in NMP have an increasing

absorption towards the UV. This is in agreement with previ-

ous reports,24 where an increased UV absorption of CVD-

grown graphene with the number of layers is observed. In

our case, the UV absorption is also larger for the sample

with the higher number of layers (G-S-1/1) and in the most

concentrated suspension (G-L-A).

Using the values of the transmittance T at 800 nm, we can

estimate the equivalent number of CVD-grown graphene

layers necessary to have the same T. A single layer of gra-

phene has 2.3% absorbance (hence, a transmittance

T¼ 1–0.023¼ 0.977) and a thickness d¼ 3.35� 10–10 m.

According to Lambert-Beer’s law, the transmitted intensity is

I1 ¼ I0e�a1d , where I0 is the incident intensity, I1 the transmit-

ted intensity, and a1 is the absorption coefficient of a single

graphene layer. Hence, I1=I0 ¼ 0:977 ¼ e�a1d. A multilayer

sample with m layers will transmit Im ¼ I0ðe�a1dÞm. Hence,

Im=I0 ¼ ðe�a1dÞm ¼ 0:977m ¼ Tm, where Tm is the transmit-

tance of the m-layers sample. Therefore, m can be estimated

as m ¼ lnðTmÞ=lnð0:977Þ. In our samples, we have m¼ 59.5

for T¼ 25% and m¼ 18.5 for T¼ 65%, which are much

higher than the thicknesses obtained with bottom-up

approaches like CVD or epitaxial growing. These values are

in agreement with the Raman spectra in Fig. 2 and the AFM

(Fig. 1) and TEM (Fig. 3) measurements, where we concluded

that we have piled-up multi-layer graphene.

D. The z-scan technique

The nonlinear optical properties were measured using

the z-scan technique in open aperture (OA) and closed

FIG. 3. (a) Low resolution TEM image showing large graphene flakes, (b)

high resolution TEM image showing a superposition of layers, (c) high reso-

lution TEM image in a multilayer zone such as Z4, and (d) the electron dif-

fraction pattern in a multilayer zone.

FIG. 4. Transmittance of the different samples.

033104-3 Weigand et al. J. Appl. Phys. 124, 033104 (2018)



aperture (CA) configurations (Fig. 3). This technique is most

widely used to characterize the nonlinear absorptive proper-

ties and nonlinear refractive index of materials because of its

sensitivity and, in principle, rather easy implementation.1

OA measurements give information about nonlinear

absorption. For a medium with transmittance T and saturable

absorption, the intensity dependent nonlinear absorption

coefficient a(I) at the intensity I is given by

aðIÞ ¼ a0

1þ I=Is
; (1)

where a0 is the linear absorption coefficient and Is is the satu-

ration intensity.25 The transmitted intensity for a sample of

length L will be given by

It ¼ Ie�aðIÞL (2)

or equivalently

aðIÞ ¼ � lnðIt=IÞ
L

: (3)

Thus, one can measure It with an OA z-scan, in which at

each point z the intensity I can be calculated by Gaussian

beam propagation, and fit the results obtained with Eq. (2) or

(3) to a(I) from Eq. (1) to deduce the saturation intensity Is.

Or, alternatively, one can position the sample at the focus of

the focusing system and measure the transmitted intensity It

for different input intensities I, thus obtaining the saturation

curve of Eq. (3), which can be then fit using Eq. (1) to obtain

again the saturation intensity Is. In order to collect the whole

beam, we have included a lens in our set-up (Fig. 5) before

the detector module (or irisþdetector module). This guaran-

tees that appropriate detection of nonlinear absorption is

done and that no fraction of the beam is lost due to, for

example, scattering losses.

On the other hand, CA measurements inform about

changes in the refractive index. For a medium with the pure

Kerr effect, the refractive index will be given by

n ¼ n0 þ n2I, where n0 is the linear refractive index and n2 is

the nonlinear Kerr index, which causes an on-axis phase-

change DU in the beam given by

DU ¼ n2I0kLeff ; (4)

where k is the modulus of the wave vector, I0 is the on-axis

intensity at z¼ 0, and Leff is the effective length given by

Leff ¼ ð1� e�a0LÞ=a0. The normalized transmittance through

a closed aperture is given by2

T ¼ 1þ 4DUx

ð1þ x2Þð9þ x2Þ ; (5)

where x¼ z/zR, z is the sample position with respect to the

focus and zR is the Rayleigh range. The fit of the experimen-

tal z-scan curves for the CA configuration using Eq. (5) leads

to the determination of the sign and magnitude of n2. For the

pure electronic Kerr effect, n2 is proportional to the third

order susceptibility vð3Þ. For a sample with the Kerr effect

plus saturable absorption (SA) or two-photon absorption

(TPA), the absorptive effects would superpose to the closed

aperture measurement. Hence, in practice, closed aperture

measurements are always divided by the open aperture mea-

surements before fitting.1

When using high-repetition lasers, thermal effects may

appear which create a temperature gradient across the laser

spot, and the local changes in the refractive index affect the

divergence of the beam. In this case, the transmittance

through the closed aperture follows other laws. For example,

using an aberrant thermal lens model, the transmittance can

be described as follows:26,27

T ¼ 1þ DU
2

tan�1 2x

1þ x2

� �� �2

(6)

or more accurately as28

T ¼ 1þ DU
2

tan�1 2x

3þ x2

� �� �2

: (7)

DU also adopts the form in Eq. (4), but n2 is proportional

to the change in the refractive index with temperature dn/

dT.29 Unlike the purely optical Kerr effect which, due to its

electronic origin, can be considered instantaneous, thermal

effects are slow and it takes some time until the material sys-

tem has evolved to a stationary situation. Thus, attempts

have been done to follow the temporal evolution of the ther-

mal effect. For that purpose, a chopper is used to switch the

light on and off, and the temporal evolution of the transmit-

tance can be recorded using an oscilloscope coupled to a

photodetector. In some cases, the transit from purely elec-

tronic behaviour to thermal behaviour has been observed.30

A distinctive feature of z-scan graphs is the peak-valley

(p-v) separation. In the case of the purely Kerr effect, the p-v

separation amounts 1.7 zR, while in the case of thermal effect

the p-v separation can be larger (for instance around 3.4 zR in

Ref. 31). This separation can also be used to identify whether

the thermal effects are dominating.

The laser beam radii were measured just before the

focusing element at 1/e2 of the peak intensity using the razor

blade technique.32 We obtained 480 lm in the cw regime

and 420 lm in the mode-locking regime for the oscillator

and 1.4 mm for the amplifier. When using the oscillator, the

beam was focused using a parabolic silver mirror with a

focal length of 5 cm. A parabolic mirror was used instead of

a lens because of the short duration of the laser pulse, since a

lens would temporally lengthen the pulse by GVD (Group

Velocity Dispersion). When using the amplifier, a lens with

a focal length of 10 cm was employed, which is adequate for

FIG. 5. Schematic diagram of the z-scan technique for the open aperture

(iris removed) and closed aperture configurations. BS, beam splitter; PD,

photodetector; PC, computer; S, sample. The chopper is used only in time

resolved measurements.
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the longer pulse of the amplifier, with less spectral content.

With these parameters, the beam waist at the focus w0 and

the Rayleigh range zR were calculated using standard

Gaussian beam propagation (oscillator in mode-locking: w0

¼ 30 lm, zR ¼ 3.6 mm, oscillator in cw: w0 ¼ 26 lm,

zR¼ 2.8 mm, and amplifier: w0 ¼ 18.2 lm, zR ¼ 1.3 mm).

The samples thicknesses were thus within the Rayleigh range

in all configurations, as required by the technique (1 mm

path length for the cuvette and �150 lm of the substrate plus

hundreds of nanometers of graphene for the solid samples).

The samples were placed on a movable stage with sev-

eral centimeters path length, and the intensity in the closed

or open aperture configuration was registered with a large

area (1� 1 cm2) photodiode. For the CA configuration, an

iris was placed before the detector to set the aperture linear

transmittance at S¼ 0.5. This setting is a good compromise

between having large signals and averaging possible beam

non-uniformities. A second photodiode was used as refer-

ence to compensate for possible intensity fluctuations in the

laser. The whole system was computer controlled, and the

intensity at each point on the z axis was averaged over 200

points. This further hindered possible intensity fluctuations

of the laser to contaminate the measurements. The solid sam-

ples were measured in different positions, and the results

were averaged to avoid misleading results from possible

inhomogeneities.

In order to evaluate the importance of the thermal effect,

in our studies, we also placed a chopper in the beam path of

the oscillator (Fig. 5) and was operated at 200 Hz. This repeti-

tion rate along with a multiblade wheel resulted in a time reso-

lution of microseconds. The photodetector was connected to a

digital oscilloscope (1 MHz bandwidth) working in average

mode, so that for each z, 64 oscilloscope traces were averaged

and then saved. The whole system (motorþ detection system)

was totally automated using the software LabVIEW.

III. RESULTS AND DISCUSSION

A. Results with the oscillator

From the data of the average power, repetition rate, and

beam size given in Secs. II A and II D, we can estimate the

intensity at focus in cw and mode-locking regimes.

1. Liquid suspensions

The open aperture measurements showed neither satura-

ble absorption (SA) nor two-photon absorption (TPA) under

the conditions of this study. The results obtained in the closed

aperture z-scan configurations for the liquid samples, in both

cw and mode-locking regimes can be seen in Figs. 6(a) and

6(b) and show a negative effect, in both cw and ML regimes

for liquid NMP and G (NMP-L-cw, G-L-cw, NMP-L-ML,

and G-L-ML). The effect in pure liquid is much smaller than

for the suspensions of graphene. Moreover, there is no signifi-

cant difference between the results obtained for cw and ML.

This hints for the fact that the effect is mainly from the ther-

mal origin.

We tried to identify the presence of a possible electronic

behavior at short times by using the set-up with the temporal

resolution. The result for the liquid suspension of graphene

using the oscillator in the mode-locking regime is shown in

Fig. 7. We can observe that the scan traces slowly evolve until

its final value and that the sign of the traces is the same at all

times. Moreover, the peak-valley distance is the same at short

and long times and is larger than 1.7 zR. This indicates that

even at short times, the thermal effect is already predominant

versus a Kerr effect of electronic origin. Similar results were

obtained for pure NMP. Hence, if we want to detect the Kerr

effect, we have to study the system at much shorter times and

lower repetition rates (see Sec. III B).

The value of the thermal n2 was calculated by fitting the

CA curves obtained without the chopper using Eq. (7), which

properly accounts for thermal effects. Since in the case of

the oscillator in the ML regime we are handling with thermal

effects, I was calculated using the average power of the pulse

train (120 mW in cw and 100 mW in mode-locking) and not

with the energy of the pulse. The inset in Fig. 6(b) shows, as

an example, the fit of G-L-ML. The results can be seen in

Table I and always show a negative value, as expected for

FIG. 6. CA measurements for liquid NMP and suspensions of graphene in

NMP with the oscillator in (a) cw and (b) mode-locking regimes. Inset: The

CA z-scan curve for G-L-ML and its fit using Eq. (7).

FIG. 7. Time resolved CA measurements for a suspension of graphene in

NMP with the oscillator.
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liquids.27 The p-v distance divided by the corresponding zR

is also shown and in all cases is higher than 1.7, corroborat-

ing that we are in a thermal regime.

2. Solid samples

Unlike for liquid samples, the effect has a positive sign

in both cw and ML regimes for the solid samples of NMP

and sample S1/1 (NMP-S-cw, G-S-cw, NMP-S-ML, and G-

S-ML) as shown in Fig. 8. In this case, the samples with gra-

phene do not exhibit a larger effect than NMP alone, either

in cw or ML regimes. Again, there are no significant differ-

ences between cw and ML regimes, indicating a thermal ori-

gin for the effect. Again, the measurements done with the

temporal resolution could not differentiate between elec-

tronic and thermal effects. The thermal effect is already pre-

sent at short times after the chopper blades turns on the light

and could also be recognized by the peak-valley distance of

the scan traces. By fitting the stationary traces obtained with-

out the chopper in Fig. 8 (using 120 mW in cw and 100 mW

in mode-locking), we obtain the values of n2 in Table I. In

this case, the thermal n2 values are always positive, as is

usual in glasses.27

For the solid sample, the transmission curve in different

OA measurements remains constant, so we conclude that sat-

urable absorption was not detectable, and no damage was

done during the measurements either in the form of an abla-

tion hole or a carbonization dot.

From the results described above, we observe that G

samples have the same sign of the refractive index as its cor-

responding solvent, either in the liquid or solid state. This

fact indicates that NMP strongly influences the effect on the

G samples, both in the cw and in the high-repetition rate

regimes.

B. Results with the amplifier

The results obtained with the oscillator indicate that the

thermal effect builds up at short times, so we used a lower

rate Ti:sapphire amplifier operating at 1 kHz to measure the

nonlinear refractive index due the Kerr-effect.

The intensities used can be deduced with the repetition

rate, pulse duration, average power, and beam size at focus

given in Secs. II A and II D. The values of these estimated

intensities at focus will be given for every average power

value used in the experiment.

1. Liquid suspensions

Figure 9(a) shows the results obtained with the z-scan in

the open aperture regime for liquid NMP (NMP-L-A) and

liquid suspensions of graphene in NMP (G-L-A) at 400 lW

(I ¼ 4� 1011 W cm–2). While the solvent NMP-L-A shows

no absorption up to average power of 500 lW (I ¼ 5� 1011

W cm–2), the graphene suspension G-L-A shows saturable

TABLE I. Summary of results obtained for the different samples with the

oscillator in continuous wave (cw) and mode-locking (ML) regimes.

Sample SA n2 sign p-v/zR Thermal n2 (cm2 W–1)

NMP-L-cw No Negative 6 �1.5 � 10–9

G-L-cw No Negative 6 �4 � 10–8

NMP-L-ML No Negative 4 �4 � 10–9

G-L-ML No Negative 4 �6 � 10–8

NMP-S-cw No Positive 8.4 8 � 10–6

G-S-cw No Positive 8.4 1.5 � 10–5

NMP-S-ML No Positive 3.2 6 � 10–6

G-S-ML No Positive 3.2 4 � 10–5

FIG. 8. CA measurements for desiccated NMP and desiccated suspensions

of graphene in NMP with the oscillator in (a) cw and (b) mode-locking

regimes.

FIG. 9. (a) OA and (c) CA measurements for liquid NMP and graphene in

NMP with the amplifier and their fits. (b) Saturation curve and fit.
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absorption, as can be seen in Fig. 9(a). For powers larger

than 400 lW (I ¼ 4� 1011 W cm–2), supercontinuum due to

phase modulation is generated, and we enter in another non-

linear regime, so the rest of the measurements were done

below this value. Figure 9(b) shows the saturation curve a(I)
for G-L-A obtained from the measurements using Eq. (3)

and the fit using Eq. (1). The curve a(I) is very flat, and the

fit requires a very large value of the saturation intensity

Is> 1014 W cm–2.

Figure 9(c) shows the results obtained with the z-scan in

the closed aperture regime for liquid NMP (NMP-L-A) and

liquid suspensions of graphene in NMP (G-L-A) using the

laser amplifier at an average power of 350 lW

(I¼ 3.5� 1011 W cm–2), after dividing by the OA curves to

obtain the purely refractive behavior. The solvent NMP

shows a positive effect, opposite to the sign obtained when

the oscillator was employed. This reveals the different origin

of the refractive nonlinearity, which should be of the

electronic origin with the amplifier. The graphene sample

(G-L-A) has a negative Kerr effect, i.e., the opposite sign to

NMP-L-A, as plotted in Fig. 9(c). In this case, the behavior

in graphene is not dominated by the solvent. Also in both

cases, the separation peak-valley amounts around 1.7 zR,

indicating the absence of the thermal effect at the repetition

rate of 1 kHz. The results obtained for Is, Kerr n2 [fits using

Eqs. (1) and (5), respectively], and p-v/zR ratio are summa-

rized in Table II.

2. Solid samples

Figure 10(a) shows the results obtained in the open aper-

ture z-scan for the two samples of evaporated graphene in

NMP (G-S-A S1/1 and S1/4) at 500 lW (I¼ 5� 1011

W cm–2). While no absorption changes were detected in

NMP-S-A for average power up to 500 lW (I¼ 5� 1011

W cm–2), both G-S-A samples clearly show a strong satu-

rated absorption. Sample S1/1 has a linear transmission

T¼ 25%; hence, the peak at z¼ 0 mm, which reaches a nor-

malized transmission of 1.73 in Fig. 10(a), corresponds to a

nonlinear transmittance of 1.73� 0.25¼ 0.43 and the trans-

mittance has almost doubled. For CVD-grown graphene,

with a saturation intensity of Is ¼ 74 MW cm–2,2 one needs

30 layers to have a change in transmittance from 1 to 1.73,

which are obviously difficult to grow by CVD. An increase

in transmission DT ¼ 0.73 in the estimated m¼ 59 layers

gives 1.24% absorption change per layer, far from the maxi-

mum 2.3% possible, and less than the reported change of

5.1% for 3 CVD-grown graphene layers.2 For the solid sam-

ple, the transmission curve in the OA measurement in Fig.

10(a) is symmetric, so we conclude that no damage was

done during the measurements either in the form of an abla-

tion hole or a carbonization dot. Note that the ablation of a

single graphene layer would result in a change of 2.3% in the

transmission value. No TPA was observed.

The saturation curves measured with the samples placed

in focus are shown in Fig. 10(b). The saturation intensity Is

is deduced by fitting the saturation curves using Eq. (1). The

results are shown in Table II and indicate higher saturation

values than those obtained by other authors with CVD or epi-

taxial growing, but more similar to the results obtained by

other authors in chemically produced graphene.15,17

Figure 10(c) shows the results obtained with the closed

aperture z-scan for evaporated NMP (NMP-S-A) at 650 lW

(I¼ 6.5� 1011 W cm–2) and the two samples of evaporated

graphene in NMP (G-S-A S1/1 and S1/4) at 150 lW

(I¼ 1.5� 1011 W cm–2) and 600 lW (I¼ 6� 1011 W cm–2),

respectively, after dividing by the corresponding OA curves

to have the pure Kerr behavior. Again, NMP-S-A shows a

positive Kerr effect, as we obtained in the liquid state using

TABLE II. Summary of results obtained for the different samples with the

amplifier (A).

Sample SA Is (W cm–2) n2 sign p-v/zR Kerr n2 (cm2 W–1)

NMP-L-A No … Positive 1.6 7 � 10–17

G-L-A Yes >1014 Negative 1.9 �7 � 10–17

NMP-S-A No … Positive 2 6 � 10–14

G-S-A 1/1 Yes 4 � 1011 Negative 1.8 �0.9 � 10–13

G-S-A 1/4 Yes 7 � 1011 Negative 2 �1.6 � 10–13

FIG. 10. (a) OA and (c) CA measurements for solid NMP and graphene in

NMP (S1/1 and S1/4) with the amplifier and their fits. (b) Saturation curves

and fit.
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the amplifier. But both G-S-A samples show a negative

Kerr-effect, as obtained in liquid suspensions with the ampli-

fier. This corroborates again that the effect measured with

the amplifier is an optical Kerr-effect of the electronic origin,

while the change in the refractive index was of the thermal

origin when using the oscillator, in which we obtained the

positive thermal effect for the solid samples, and the behav-

ior in graphene seemed to be influenced by the state of the

solvent. Also, as in the case of liquid suspensions measured

with the amplifier, the peak-valley separation amounts

around 1.7 zR, indicating the absence or extremely low influ-

ence of the thermal effect at the repetition rate of 1 kHz.

The value of n2 was calculated by fitting the CA curves

using Eq. (5), and we obtained smaller values than other

authors for CVD grown graphene.2 The results are summa-

rized in Table II.

IV. CONCLUSION

We have studied the saturable absorption and the nonlin-

ear refractive index of graphene in N-methylpyrrolidone at

800 nm, either in suspensions or in desiccated form, using

two ultrafast laser sources, namely a Ti:sapphire oscillator

and a Ti:sapphire amplifier. In the experiments with the

oscillator, no saturable absorption was observed either in the

liquid or solid form, due to the low pulse energy. The refrac-

tive index change is negative in the liquid form and positive

in the solid form in both cw and ML and has the same sign

as in the solvent. Since the measurements done with the

oscillator in the cw regime gave similar results to those in

the ML regime, the p-v separation amounts much more than

1.7 zR, we conclude that the effect in this set of measure-

ments is of the thermal origin. This was corroborated by the

measurements with the temporal resolution, in which a fast

growth of the thermal effect during tens of ls was observed.

In experiments with the amplifier, no saturable absorption

was observed for liquid or solid NMP, but for G, a strong SA

in the solid form (weaker in the liquid form) has been mea-

sured. The saturation intensities Is (�4–7� 1011 W cm–2)

were higher than those obtained by other authors for CVD-

grown graphene (74 MW cm–2)2 or epitaxially grown gra-

phene (4 GW cm–2)4 but more similar than for chemically pro-

duced graphene (300 GW cm–2, 60 GW cm–2).15,17

Strong bleaching has been observed, with changes in the

normalized transmittances from 1 to 1.73, using the ampli-

fier. The Kerr effect observed in solid samples of graphene

with the amplifier was negative and smaller in absolute val-

ues than other data for monolayer CVD-grown graphene in

the literature.3 This is not surprising since discrepancies in

the values of n2 have been previously encountered and attrib-

uted to doping by other authors.3 The different sign of the z-

scan traces obtained as compared to measurements done

with the oscillator, as well as the peak-valley separation, sup-

ports the hypothesis that the change in the refractive index in

this set of measurements done with the amplifier is indeed

due to the Kerr effect of electronic origin.

The fact that no damage was observed during the mea-

surements and that the solid samples are easily fabricated

can be seen as an advantage for fabricating samples of high

optical density and strong bleaching capacity, and they can

be used as a saturable absorber in laser cavities.
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