SBL

SISTEMA DE BIBLIOTECAS DA UNICAMP

UNICAMP

UNIVERSIDADE ESTADUAL DE CAMPINAS
SISTEMA DE BIBLIOTECAS DA UNICAMP
REPOSITORIO DA PRODUGAO CIENTIFICA E INTELECTUAL DA UNICAMP

Versao do arquivo anexado / Version of attached file:

Versao do Editor / Published Version

Mais informacoes no site da editora / Further information on publisher's website:
https://www.osapublishing.org/ome/abstract.cfm?uri=ome-7-7-2528

DOI: 10.1364/0OME.7.002528

Direitos autorais / Publisher's copyright statement:
©2017 by Optical Society of America. All rights reserved.

DIRETORIA DE TRATAMENTO DA INFORMAGAO

Cidade Universitaria Zeferino Vaz Barao Geraldo
CEP 13083-970 — Campinas SP
Fone: (19) 3521-6493
http://www.repositorio.unicamp.br


http://www.repositorio.unicamp.br/

m

Check for
updates

Research Article Vol. 7, No. 7 | 1 Jul 2017 | OPTICAL MATERIALS EXPRESS 2528
Op i

o

Controlled stacking of graphene monolayer
saturable absorbers for ultrashort pulse
generation in erbium-doped fiber lasers
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Abstract: Stacked chemical-vapour deposited (CVD) graphene monolayer samples were
fabricated and applied as saturable absorbers in erbium-doped fiber laser (EDFL). Transient
absorption experiments show that at the saturation absorption regime, and regardless the
number of stacked layers (from 1 to 5 layers), samples present 1 ps recovery time. Pulses with
duration from 0.60 to 1.17 ps were generated in an EDFL, depending on the number of
graphene layers (i.e., the linear optical absorption) used. The results show that it is possible to
increase the linear optical absorption of a graphene stacking without affecting its nonlinear
optical behavior and ultrafast response time. Therefore, by stacking individual CVD-
monolayer graphene samples it is possible to control the optical properties in graphene-based
EDFLs and simultaneously tune their ultra-short pulse generation.

© 2017 Optical Society of America
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1. Introduction

Mode-locked Erbium-doped fiber lasers (EDFL) have been of great interest for science and
industry, with potential applications in areas such as metrology and optical communications,
because of the ability to generate broadband and ultrashort infrared laser pulses with high
pulse-to-pulse stability.

In this context, graphene has emerged as one of the most promising candidates as
saturable absorbers for EDFL due to its broadband and high absorption coefficient [1-3],
moreover being of relatively simple fabrication and cost-effective. Pulses as short as 170 fs
have been reported in graphene-based mode-locked EDFL [4]. Recently, mode-locked EDFL
were demonstrated in many different laser cavity configurations [5-7], and with different
graphene saturable absorbers incorporation methods, including graphene-filled photonic
crystal fibers [8], exfoliated [9,10] and CVD graphene [11,12] transferred to the tip of an
optical fiber, and CVD graphene transferred to the polished face of an D-fiber [13].

Graphene saturable absorbers have been produced, mainly, by micromechanical
exfoliation [9,10], chemical exfoliation [14], and CVD synthesis [15]. In micromechanical
exfoliation, samples with high structural quality single crystal flakes, low defects, number of
layers easier to characterize by Raman spectroscopy and atomic force microscopy, smaller
areas (typically hundreds of pm?) are obtained, while with CVD synthesis larger area samples
can be grown (larger than ~10 cm®). However, CVD samples present a higher defect level
and, except for 1 and 2 layers, it is difficult to control the number of graphene layers during
fabrication. For optics and optical fiber applications, it is desirable to use graphene samples
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combining the best of both methods, with controlled number of layers and larger areas,
making their manipulation and fabrication easier.

In this paper, CVD graphene monolayer samples are used to fabricate multilayer
graphene, using a combined method for transferring and stacking graphene monolayers, and
we demonstrate the application of these stacked graphene samples as saturable absorbers in
EDFL. The effects of the number of graphene layers on its total optical absorption and how it
affects the performance of the fiber laser system were studied using transient absorption and
ultrashort pulse generation experiments, both at 1550 nm. We observed that stacked CVD
monolayer graphene samples behave like independent monolayer samples at saturation
absorption regime, thus making it possible to control the optical properties of the samples
without affecting their ultrafast response. Regardless of the number of layers, graphene
stacked samples display 1.0 ps absorption recovery time. Pulses with duration ranging from
0.60 ps to 1.17 ps were generated, and pulse duration dependence on the number of layers
was investigated.

2. Samples fabrication

Individual CVD graphene monolayer samples used in this work are commercial-grade
graphene grown onto copper foils. Initially, to test the samples quality, such as homogeneity
and number of layers, samples were transferred via conventional wet-transfer process [15]
onto a clean silica substrate and were characterized by Raman spectroscopy and optical linear
transmittance. Those tests revealed a very low defect level and an intensity ratio between G
and 2D bands equal to 0.25, demonstrating that the samples are indeed graphene monolayer
(see Appendix A).

For our studies, it is essential that the saturable absorbers have a well-defined number of
layers. However, during graphene fabrication via CVD, it is difficult to obtain few-layer
graphene samples with controlled number of layers. To overcome this limitation, and obtain
multi-layer graphene samples with exactly controlled number of layers, several monolayer
samples were stacked for the post-fabrication of saturable absorber samples, until the desired
number of layers was reached. To achieve this, two methods for graphene transferring and
stacking were combined: the method for stacking graphene monolayer samples [16], as can be
seen in Fig. 1, and the improved substrate cleaning wet transfer method [17].

1V: repeat this step N-1 times

stacked graphene N stacked
sample layers

Fig. 1. Transfer and stacking process for fabrication of samples with N stacked CVD graphene
monolayer layers. Conventional wet-transfer process is identical to the stacking process by
skipping step IV. Inset (bottom-left): optical microscopy images for N = 1 and N = 7 (scale bar
=500 um).

The schematic diagram for stacking CVD graphene monolayers is similar to the process
for conventional wet transfer, however in the stacking process a polymethyl methacrylate
(PMMA) coating for graphene protection is used only once, in the first layer, so in-between
layers there is minimal chemical residues and contaminants. In step I, the graphene
monolayer is prepared for the transfer process, and in step II it receives a protective coating of
PMMA (spin-coated, 300 nm thick). In step III, cooper is chemically removed and, after
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being rinsed in deionized water baths, the floating PMMA-graphene film is scooped by a
clean, as fabricated, sample of CVD monolayer graphene on copper. After each layer of
graphene is scooped, the sample goes through a thermal treatment at 100°C for 1 hour. The
procedure goes back to step II for copper chemical removal. This iteration (step IV) must be
repeated N-1 times until the desired number of layers, N, is reached. Then the PMMA-
graphene sample (N layers) is scooped by the final substrate (glass substrate and/or polished
end-face of optical fiber) in step V. At the end of the process, the PMMA layer is removed in
acetone bath (step VI).

With this process, stacked CVD graphene monolayer samples can be transferred to several
desired substrates with a controlled number of layers, and with no chemical residues in-
between layers. In this work, two sets of samples were fabricated in identical procedures. In
one set, graphene samples with 1 to 5 layers were transferred to silica substrates and, in the
second, graphene samples with 1 to 7 layers were transferred to single-mode optical fiber
connectors. Samples on silica substrates were used for characterization with Raman
spectroscopy, linear transmission spectroscopy and ultrafast electron relaxation
measurements, while the samples on optical fiber connectors were used as saturable absorbers
for application EDFL ultrashort pulse generation. Both substrates, silica slab and the polished
end-face of optical fiber, were first cleaned in ultrasonic baths [17].

It is known that graphene-substrate adhesion energy decreases with the number of layers
[18]. However, here the transfer process is executed monolayer by monolayer, though
ensuring increased adhesion between graphene/substrate and graphene/graphene interfaces,
and no adhesion issue was observed.

The optical linear transmittance of the stacked graphene samples was investigated with
continuous-wave, low power, 1550 nm laser. The optical linear absorption of the stacked
monolayer samples at 1550 nm is approximately 2.15 + 0.02% per layer (see Appendix A),
close to the expected theoretical value of 2.3% per layer for visible and near-infrared light
[16]. This result shows that the stacking of several graphene monolayer samples does not
compromise the linear optical properties of individual layers.

To verify whether the stacking process interferes on the density of defects, Raman
spectroscopy characterization was performed. The results show that the intensity ratio
between D and G bands is kept to a maximum of 0.042, indicating that the process of stacking
graphene monolayer does not contribute to an increased relative number of defects in the final
samples (see Appendix A).

The roughness of the resulting samples was also measured, by atomic force microscopy,
and the RMS roughness increased with the number of layers, ranging from 3.7 nm (N = 1) to
19.3 nm (N = 7) (see Appendix A). Since graphene is known to conform itself onto its
substrate’s topology, these RMS roughness values are in agreement with typical values for
roughness of copper foils used for CVD growth [19].

3. Ultrafast optical spectroscopy

To further investigate how the stacking process influences the interconnection between
adjacent graphene monolayers, we have performed ultrafast transient absorption experiment
for samples with the number of graphene monolayers ranging from 1 to 5 layers. The optical
excitation source is composed by an amplified Ti:Sapphire laser at 800 nm, delivering 100 fs
pulses at 1 kHz repetition rate, and the probe has been chosen at 1550nm (refer to Appendix
B for experimental details on the ultrafast spectroscopy).

Figure 2 shows the normalized maximum differential transmittance, as a function of pump
intensity and delay time between pump and probe pulses.



7| 1Jul 2017 | OPTICAL MATERIALS EXPRESS 2532

Research Article Vol. 7, No.

-
—S5L —4L —3L —2L —1L
— —— 1
~ 1.0 -
2 1ol a) S D)
g 09 - g 01
= g’; 2 15 70 GW/em’
E - v m 5L £
= 0.6f 4 =
g o5l ] ¢ 4L | ¢
- * =
= 04} v 3L | 2
S, 03 8 A 2L {1E
=02 o IL 1 _Fou
z 0.1rm ] z !
0.0 | | | | | | | | 0.01 ! AL
0 10 20 30 40 50 60 70 80 o 1 2 3 4 5
Pump Intensity (GW/cm®) Delay Time (ps)

Fig. 2. (a) Maximum differential transmittance as a function of pump intensity and (b) transient
absorption characterization, for samples 1 to 5 stacked graphene monolayers. All the samples
exhibit the same ultrafast relaxation dynamics at the three pump intensities. The recovery time
is ~1 ps.

It can be observed from Fig. 2 that samples reached their absorption saturation at the same
pump intensity level. It is important to mention that AT,,,,/T, scales linearly with the number
of graphene layers for each sample (absorption scales linearly with number of layers),
therefore the modulation depth of the ultrafast spectroscopy measurement can be increased
with the number of stacked graphene monolayers.

The transient absorption, for all five samples, was measured at three different pump
intensities (5, 20 and 70 GW/cm?®). As shown in Fig. 2(b), the electron dynamics becomes
slower as the intensity is increased to the saturation regime, which may be due to saturation of
optical-phonon relaxation channel, reducing the electron phonon interaction rate [20].
Meanwhile, for each pump intensity, the ultrafast relaxation dynamics is not dependent on the
number of stacked graphene monolayers. The absorption recovers with a characteristic time
of ~1 ps. An interconnection between adjacent monolayers would introduce other decay
channels in the electronic dynamics, reducing the effective lifetime. The lack of sample
dependence of the electron dynamics indicates that these stacked samples are constituted of
weakly-coupled (or even uncoupled) monolayers, confirming the findings from the Raman
spectroscopy characterization (see Appendix A).

All those results show that, by changing the number of monolayers, it is possible to
control the samples optical properties (linear absorption with/without excitation) without
changing the absorption properties and the ultrafast absorption relaxation dynamics. Our
samples show a saturation intensity in the order of 10 GW/cm?, which is in agreement with
previously published results for graphene samples pumped by high power 800 nm pulses [21].

4. Ultrashort pulse generation

An EDFL was set up to study the ultrashort pulse generation using the stacked graphene
monolayer samples as saturable absorbers (refer to Appendix C for details on the fiber laser
experimental setup).

For comparison between laser pulse duration generated with different samples, output
power during mode-locking operation was kept constant at 3 mW. At this power level, single-
pulse laser operation is achieved and no harmonic mode-locking is observed. The fiber laser
performance was measured by an optical spectrum analyzer (0.06 nm resolution) and an
intensity autocorrelator (0.01 ps resolution). The pulse duration and bandwidth of the
generated solitonic output pulses with the absorber samples having from 1 to 7 layers are
shown in Fig. 3.



Research Article

Vol. 7, No. 7 | 1 Jul 2017 | OPTICAL MATERIALS EXPRESS 2533

OPUGINVIatera
2 1,la 1~ b |
&}% ) R ° 1 E 6’0) < 0.45*c.) o ©
g 1 £ E .
= 1.0f 1 = 5§t ) [ ° L
E 0ol ° ] § ° a0.40
< 0.8 o ° 1 E4 ° ° 9 035! o
E 0.7 15 3t ° ] %
£ 0.6 o ¢ - °
a 0.30:

1234567

123 4567

123 4567

Number of stacked graphene layers

Fig. 3. Full width at half-maximum (a) pulse duration and (b) bandwidth as a function of the
number of stacked layers; (c¢) time-bandwidth product.

As it can be seen in Fig. 3(a), the pulse duration seems to follow a different trend for the
case of N = 1 and N = 2~7 layers, with similar behavior being also observed for the
bandwidth in Fig. 3(b). By just considering results for samples with 2 to 7 layers, the pulse
duration is shortened from 1.11 ps for 2 layers to a minimum of 0.64 ps for 4 layers, and then
is stretched up to 1.16 ps for 7 layers. Opposite trend is observed for the bandwidth, as a local
maximum of 4.6 nm is obtained for 4 layers. However, if the time-bandwidth product (TBP)
is considered, all SA samples generate pulses within the same trend in the EDFL. TBP refers
to dispersion and chirp parameters from the laser cavity, and shows how far from the
transform-limited value the pulse duration is. In fact, since the fiber laser system overall
conditions change from sample to sample, the TBP seems to be the best parameter to compare
the results among different number of graphene layers. Additionally, the peak in the spectrum
for the graphene SA with N = 1 is localized in a different position as compared to the peak
position for N = 2~7, indicating that different types of solitonic pulses are formed in those
situations (refer to Appendix D for details on the spectral and pulse width measurements).

By increasing the number of layers of the saturable absorbers sample, the total linear
absorption is increased at a rate of ~2.15% per layer. Since the ultrafast recovery time remains
constant for all samples, the main modification caused by the increasing number of layers is a
change in the linear absorption profile of the SA, thus changing the temporal window for
pulse formation [22,23]. As the number of layers increases, the optimal linear absorption is
reached, and minimal TBP is obtained, for this laser cavity it was found that the best linear
absorption level for generating the smallest TBP with stacked graphene monolayers is
approximately 8.6% (4 layers). For higher number of layers, the oscillating bandwidth
decreases, broadening the pulse temporal profile. Similar results have been demonstrated for
carbon nanotubes saturable absorbers [24]. It is interesting to note that there is a difference of
4 to 6 orders of magnitude in the sample thickness from graphene to carbon nanotubes
saturable absorbers, making this an important evidence that laser cavity parameters play a
central role on pulse formation.

Our samples presented intracavity saturation intensities in the order of ~100 MW/cm?,
which is consistent with previously published results for graphene at 1550 nm [12,25,26].

5. Conclusions

In conclusion, stacked CVD graphene monolayer samples with 1 to 7 layers were fabricated.
The samples were characterized by transient absorption experiments revealing that in the
stacking process each monolayer is isolated from its neighbor layers. For all samples, in the
absorption saturation regime, the carrier relaxation lifetime is 1 ps, independent of the number
of monolayers. The stacked graphene monolayer samples were used as saturable absorbers in
an EDFL cavity leading to the generation of pulses with duration ranging from 0.60 ps (1
layers) to 1.17 ps (7 layers), mainly determined by the saturable absorber’s linear absorption.
Our results show that with the SA with shortest pulse duration is the sample with single
graphene monolayer. However, the overall minima for the time-bandwidth product is
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obtained for SA with 4 layers, meaning that at this optical absorption level, the generated
pulse is the closest to the transform-limited pulse width value. These results show that it is
possible to maintain graphene SA samples ultrafast electron response while changing and
controlling its optical properties, and use these SA samples to control EDFL performance.

Appendices

Appendix A: Optical and Raman characterization of stacked graphene monolayer
samples

Linear optical characterization, atomic force microscopy and Raman spectroscopy were
performed, and results are shown in Fig. 4. From Fig. 4(a), we observe the optical absorption
scales linearly with the number of layers at a rate of 2.15+0.02% per layer. Figure 4(b) shows
the RMS roughness of final samples on top of glass substrate, measured in tapping-air mode
over an area of 5x5 um®. Figure 4(c) shows that, for monolayer graphene, defect-related D
band is practically absent, and the measured intensity ratio between G and 2D bands is
I(G)/1(2D) ~ 0.25.

In Fig. 4(d), the ratio between D and G bands intensities, I(D)/I(G), is significantly small
and kept almost constant for increasing number of layers, with maximum ratio of I(D)/I(G) ~
0.042 for 5 layers. Figure 4(e) shows that the intensity ratio I(G)/I(2D) increases for a higher
number of stacked layers, instead of remaining constant at the value of 0.25 for graphene
monolayer. Since G band arises from a linear scattering process, its intensity should increase
for an increasing number of layers, having contributions from individual layers. Figure 4(f)
shows that the 2D band linewidth increases from ~30 c¢cm™' to ~50 cm™), which is in
agreement with [16] for weakly-coupled graphene monolayers.
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Fig. 4. (a) Linear optical absorption of the stacked CVD graphene monolayer samples at 1550
nm; (b) RMS roughness; (c) Raman spectrum of the transferred graphene monolayer sample;
Raman spectroscopy analysis for samples with 1 to 7 stacked layers: (d) intensity ratio between
D and G bands, (e) intensity ratio between G and 2D bands, and (f) 2D band linewidth.

Appendix B: Ultrafast spectroscopy characterization

The setup for the pump-probe experiment is shown in Fig. 5. From the optical parametric
amplifier (OPA) are obtained both the intense pump (at 800 nm) and weak probe (at 1550
nm) beams.

The effects in stacked graphene monolayers are observed via changes in probe pulse
transmittance, after sample is excited by pump pulse. By using a delay stage in the pump’s
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optical path, it is possible to control the relative arrival time between the earliest pump
excitation and the probe pulse. Thus, the recovery of probe absorption, as a result of the
relaxation of initial excited electrons, can be observed as a function of the delay time. The
pump laser is chopped at 500 Hz, while the probe one is chopped at 357 Hz. The pump-and-
probe signal (AT) is obtained by detecting the probe laser and measuring its electrical signal
in a lock-in amplifier at the sum frequency. The spatial overlapping of the pulses was verified
by directly observing them in a CCD camera at the sample position. The spot sizes of both
lasers were maintained constants throughout the experiment. Further signal-to-noise
improvement was reached using a spatial filter (pinhole) and a longpass filter (LPF) in the
probe optical path before its detection.

Black Screen
‘ - Pump Pulse PD

J\ - Probe Pulse LPF
Pinhole

Sample

I LASER Ti:Sapphire I Delay Stage
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) 4 y
OPA A
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400- 2400 nm e
~100fs A
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Fig. 5. Pump-and-probe experimental setup. OPA = optical parametric amplifier, M = mirror,
L =lens, LPF = longpass filter, PD = photodetector.

Appendix C: Erbium-doped fiber laser setup

The fiber laser cavity used in this work is shown in Fig. 6. It has a 15 cm long highly-doped
Erbium fiber as gain medium (66 dB/m @ 1550 nm, D = —16 ps/km/nm), pumped by a
counter-propagating 980 nm diode laser (Ppmp(max) = 300 mW). An integrated
980nm/1550nm pump-signal combiner and a 60-dB signal isolator is used to connect the
pump laser to the gain fiber and to ensure unidirectional laser propagation.

Furthermore, a polarization controller is used to fine-tune the intracavity polarization
state, and a 27% output coupler is used to extract the laser signal. The remainder of the cavity
is made of 4.5 m of standard single mode fiber (D = 17 ps/km/nm). The fiber laser cavity has
a total length of 4.95 m (fundamental repetition rate = 60.6 MHz), a total accumulated
dispersion of +72.3 fs/nm and an average dispersion coefficient of +14.6 ps/km/nm,
appropriate values for soliton pulses generation.

pump laser
980 nm

Erbium-doped
fiber

signal output
27%
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saturable absorber sample
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Fig. 6. Erbium-doped fiber laser cavity experimental setup.
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Appendix D: Spectral measurements

Figure 7 shows the spectral measurements for graphene SA with 1 to 7 layers, along with an
analysis of the central peak position for the soliton pulses. Fitting parameters are presented in
Table 1. Additionally, the autocorrelation trace for samples with N=1 (minimum pulse
duration obtained) and N=4 (local minimum pulse duration and absolute TBP minimum) are
shown in Fig. 8.
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Fig. 7. (a)-(g) EDFL output spectra for N = 1 to N = 7. The thin blue line is the experimental
data and the thick dark red line is the soliton-like (sech®(w)) fitting. All spectra are amplitude
normalized to the spectral peak power of the soliton pulse (excluding CW and side peak
components). (h) The contour plot shows that the soliton for N = 1 has its peak centered at
1560 nm, while soliton spectra for N = 2 to N = 7 are red-shifted towards 1568 nm.

Table 1. Fitting parameters for all spectra from N=1to N=7.

Number of layers Central wavelength (nm) Bandwidth (nm)

1 1560.3 6.00
2 1567.6 3.20
3 1567.3 3.75
4 1567.9 4.60
5 1568.5 4.25
6 1567.4 4.10
7 1568.2 2.90
1.0 ,(a)' ' Actualv pulsewi'dtho(b)' ' Actuai pulsewidth_
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Fig. 8. Autocorrelation trace for output pulses with stacked graphene monolayer saturable
absorbers with (a) N =1 and (b) N = 4. The open dots are experimental data and the full red
lines are sech®(7) fittings. The soliton form factor for actual pulse width is 0.648.



Vol. 7, No. 7 | 1 Jul 2017 | OPTICAL MATERIALS EXPRESS 2537 I
OPLC VEEHEISIEXPRES'S u

Funding

Sdo Paulo Research Foundation (FAPESP) (Grant numbers 2010/19085-8, 2012/07678-0,
2012/50259-8, and 2013/16911-2).

Acknowledgment

J.A.C thanks CAPES for the financial support.



