Q-switched erbium-doped fibre laser using graphene-based
saturable absorber obtained by mechanical exfoliation
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Abstract. A stable passively Q-switched erbium-doped fibre laser (EDFL) operating
at 1536.5 nm is developed, using a 1 m long erbium-doped fibre as a gain medium
and a simple graphene-based saturable absorber (SA). Using mechanical exfoliation,
a single layer of graphene is obtained and deposited on the end facet of an optical
fibre ferrule, which is then connected to another ferrule to form the SA. The SA is
integrated into an EDFL cavity to achieve a stable pulse train at the threshold pump
power of 42.3 mW. When the pump power increases from 42.3 to 63.5 mW, the
pulse train repetition rate increases from 10.3 to 32.4 kHz, while the pulse width
varies from 10.7 to 31.0 ps. The highest energy, 166.2 nJ, is achieved at the pump
power of 42.3 mW.
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1. Introduction

Lasers operating in continuous-wave (CW) or quasi-CW regimes generate a restricted output
optical power, which is limited by a maximum available pump power. If the energy is concentrated
in a single short optical pulse, or in a series of periodic optical pulses, higher peak powers can be
achieved. Q-switching is a known technique that enables generating short optical pulses by
suddenly switching cavity losses. Like the CW fibre lasers, high-peak-power Q-switched fibre
lasers have many useful applications, such as range finding, remote sensing, industrial processing,
and medicine [1-3]. Active Q-switching is typically achieved by inserting acousto-optic or electro-
optic modulators into the cavity. In contrast, passive Q-switching is based on saturable absorbers
(SAs) like semiconductor saturable-absorber mirrors (SESAMs) [4, 5] or carbon nanotubes
(CNTs) [6, 7], with no external Q-switching electronics. The passive Q-switching is convenient
since it greatly simplifies a design of the cavity. However, fabrication of SESAMs is very
cumbersome and costly. The CNT SAs are simpler to fabricate and more cost effective.
Nonetheless, when operating at a particular wavelength, the CNT SAs require band-gap tuning by
controlling their diameters and chirality. Moreover, the surface tension of the CNT SAs is too
large, so that the devices suffer from a low damage threshold [8].

Recently, much attention has been given to graphene as a novel nanomaterial for broadband
functional SAs [9]. Graphene represents a 2D crystal in which carbon atoms are arranged in a
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honeycomb lattice. The first isolated graphene nanosheets have been produced by mechanical
exfoliation from bulk graphite in 2004 [10]. Graphene has outstanding linear and nonlinear optical
properties, such as a low threshold level of saturable absorption (~0.7 MWxcm?), ultrafast
recovery time (200 fs) and an ultra-broad wavelength region of saturable absorption, which covers
visible and mid-IR ranges. Compared with the CNTs, graphene has a higher damage threshold due
to its 2D structure [11]. Until recently, the most of the works that involved graphene have been
focused on mode-locked fibre lasers [11-13]. The reports on the Q-switched fibre lasers based
upon graphene have been concerned mainly with graphene films obtained using chemical vapour
deposition [14, 15].

In this work we demonstrate successful operation at 1536.5 nm of a Q-switched erbium-
doped fibre laser (EDFL). It employs a simple and cheap graphene-based SA. The graphene layer
integrated into the SA is fabricated by a mechanical exfoliation technique. The SA is incorporated
in the EDFL to achieve a stable pulse train with the threshold pump power of 42.3 mW. The laser
uses a one-metre long erbium-doped fibre as a gain medium and produces a stable pulse train with
the highest energy of 166.2 nJ.

2. Fabrication of SA and experimental setup

The first step in setting up our Q-switched EDFL is fabricating a graphene SA which plays a key
role as a passive Q-switcher. The graphene SA was constructed by depositing single-layer
graphene on the end facet of an optical fibre ferrule, using a mechanical exfoliation technique.
Commercially available highly ordered pyrolytic graphite was used as a working material. First,
flakes of that material were pasted onto a strip of scotch tape and pressed and peeled off
repeatedly, in order to optimize the graphene thickness. The resulting graphene strip was then
pressed against the end facet of the optical fibre ferrule. The scotch tape was slowly peeled off so
that the graphene layer remained on the end facet of the ferrule. Finally, the latter was connected to
another fibre pigtail via a connector (FC/PC), to form a simple SA device for the fibre laser.

Fig. 1 shows a scheme of our Q-switched EDFL. It involves a 980 nm laser diode as a pump
source, a wavelength division multiplexer, an optical isolator, a 95/5 dB output coupler, a one-
metre long erbium-doped fibre as a gain medium and the graphene SA prepared as said above. The
erbium-doped fibre had the core and cladding with the diameters equal respectively to 4 and
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kept 95 per cent of light to oscillate in the ring cavity. An optical spectrum analyzer with the
spectral resolution of 0.02 nm served for inspecting the EDFL light. Finally, an oscilloscope was
used to observe the output pulse train detected with a 460 kHz bandwidth photodetector (Thor lab,
PDASOB-EC).

3. Results and discussion

A stable Q-switching self-starts whenever the pump power is adjusted to be higher than the
threshold value 42.3 mW. Fig. 2 illustrates the attenuated output spectrum of the Q-switched
EDFL for the case when the pump power is fixed at 48.3 mW. The laser works at the wavelength
of 1536.5 nm, the average output power being 2.1 mW. One can see that the EDFL operates in the
CW mode if no graphene SA is inserted into the cavity. The inset of Fig. 2 shows the Raman
spectrum for the graphene-deposited fibre ferrule, which has been detected using a CCD camera
and a laser excitation at 532 nm (2.33 eV). Two prominent peaks are observed in the spectrum.
One of them is located approximately at 1580 cm ™' and is generally known as a so-called G peak.
The other one which is termed as a 2-D peak is centred at ~ 2700 cm'. The intensity ratio for the
peaks G and 2-D is equal to about 0.48, thus indicating that the single-layer graphene is
successfully transferred on the fibre ferrule.
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Fig. 3a displays an oscilloscope trace of the Q-switched pulse train at the pump power of
51.4 mW. There is no distinct amplitude modulation in each of the Q-switched envelops. This
means that the effect of self-mode-locking on the Q-switching remains weak. At the pump power
mentioned above, the laser produces a stable Q-switched pulse train with the repetition rate of
20.6 kHz. Fig. 3b shows a typical oscilloscope trace of the pulse envelop. The full width at half
maximum, taken as a pulse width, amounts to 20.2 ps.

Fig. 4 shows dependences of the repetition rate and the pulse width on the pump power. The
repetition rate of the graphene-based Q-switched EDFL monotonically increases with increasing
pump power level, the relationship being nearly linear. When the pump power is tuned from 42.3
to 63.5 mW, the repetition rate of pulses in the train changes from 10.3 to 32.4 kHz. Then the
pulse width decreases from 31.0 to 10.7 us. The pulse width is expected to drop further on for
higher pump powers. This trend is limited by the damage threshold of the graphene SA. Fig. 5
shows the average output power and the pulse energy of the Q-switched EDFL as functions of the
pump power. The output power increases with increasing pump power; the pulse energy decreases
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from 166.2 to 89.9 nJ in the pump power region of 42.3—-63.5 mW. At the maximum pump power,
a stable Q-switching occurs, with the highest average power 2.9 mW and the corresponding pulse
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Fig. 3. (a) Oscilloscope trace of the pulse train of EDFL with the graphene-based SA (the pump power is equal
to 51.4 mW and the repetition rate to 20.6 kHz); (b) one of the pulses on a larger scale.
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Fig. 4. Repetition rate and pulse width as
functions of the pump power.

Fig. 5. Output power and pulse energy
versus the pump power.

energy as high as 89.9 nJ. The pulse energy could be further improved by reducing the insertion
losses of the SA and optimizing the laser cavity. Hence, it seems that, under the conditions of
careful manufacturing in the laser systems, the graphene has a large potential for superior
Q-switching and saturable absorption, when compared with the conventional light-absorbing
components. Fabrication of the corresponding SAs is also simple, thus lowering the cost of the
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lasers. As a consequence, the simple and low-cost lasers of this type can find numerous
applications in metrology, environmental sensing and biomedical diagnostics.

4. Conclusion

We have demonstrated Q-switching in an EDFL based on a single-layer graphene-based SA. The
graphene layer has been obtained from the highly ordered pyrolytic graphite, using the technique
of mechanical exfoliation. The SA is constructed by pasting a single-layer graphene on the end
facet of an optical fibre ferrule. The laser operates at 1536.5 nm and self-starts at the pump
threshold of 42.3 mW to produce Q-switched pulses. When the pump power increases, the
repetition rate changes from 10.3 to 32.4 kHz and the pulse width from 31.0 to 10.7 ps. The
highest energy, 166.2 nJ, has been achieved at the pump power of 42.3 mW. Graphene-based Q-
switched fibre lasers with still higher performance can be manufactured after optimizing both the
graphene SA and the laser cavity.
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Anomayin. I[Ipodemoncmposano cmabinvhe QYHKYIOHY8AHHA BONOKOHHO20 NA3€pA HA OCHOGI
Jecosanoeo epbito ma nacuenoi mooynayii doopomuocmi. Jlazep ckiadaemvcs 3 1€208AHO20
epbicm 60NIOKHA 3a8008JcKU 1 M, wo cayeye niocunoryum cepedoguiyem, i nNpocmozo ma
deutegozo 2pagenosoco nocIuHaAYa 3 HAcuyeHHAM. Jlazep GUNPOMIHIOE HA OO0BMUCUHI XU
1536,5 um. Monowap epagerny ompumaro mexaniynum giowapysanuam. Toenunay 3 HacuueHHam
Gopmysanu, HaHocauu Yeli MOHOWIAD HA MOpeyb ONMUYHOL B0TOKOHHOI Mydhmu, NPpUEOHaHoi 0o
inwoi my@mu. Iloerunau inmezpysaniu 6 pe3oHaAmMop B0J0KOHHO20 Ja3epd O0J1i O0CASHEHHs
cmabinbHo20 HAOOPY IMHNYALCIB Npu  NOPo2osid nomydcHocmi HacHimanus 42,3 mBm. 3i
3POCMAHHAM NOMYMICHOCE HasHimanHs 6i0 42,3 0o 63,5 mBm uacmoma nosmopenus iMnyavcié
spocmana 6i0 10,3 0o 32,4 xly, a mpuganicme imnyavca 3miniosanacs 6io 10,7 0o 31,0 mxc.
Havieuwyy enepeiro 166,2 n/loc Oyno docsienymo 3a nomydxcnocmi nacuimanns 42,3 mBm.
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