Passively Q-switched fibre laser based on interaction of
evanescent field in optical microfibre with graphene-oxide
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Abstract. We have developed and approved experimentally a passively Q-switched
erbium-doped fibre laser. It is based on the saturable absorption of graphene oxide
solution deposited around a microfibre waveguide. The microfibre is fabricated
using a standard flame-brushing technique. By controlling the pump power in the
cavity, the fibre laser can produce microsecond Q-switched pulses at 1529 nm with
the maximum repetition rate 53.47 kHz. With a pumping power of 105.98 mW at
980 nm, each of the laser pulses has the energy about 0.78 nJ and the maximum
output power is 42.15 pW.
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1. Introduction

Fibre lasers have enormous potential applications in spectroscopy, medical apparatus, optical
communications and many other fields [1-3]. In general, fibre-laser pulses are subdivided into
mode-locked and Q-switched ones. The mode-locked lasers are mostly used in the applications
where ultra-fast pulses are required. Although Q-switched fibre lasers have lower frequencies in
the kHz range than those of the mode-locked, their pulse energies are higher. There are two main
techniques, active [4, 5] or passive [6], to generate Q-switched pulses. As compared to actively
Q-switched fibre lasers, passive laser systems have a number of advantages, in particular a simpler
setup and less bulkiness [7], which are suitable for small foot-print applications.

Most commonly, carbon-based structures are used as saturable absorbers (SAs) to achieve a
passive Q-switching. So, in the case of evanescent-field interaction, a rolled carbon in the shape of
carbon nanotubes has been deposited around a microfibre to achieve the pulse lasing mode [8].
Graphene is a two-dimensional carbon material which has attracted much attention of researchers
and technologists in the fields of nanoelectronics and photonics in the last decades due to its
unique properties, including low threshold levels of saturable absorption, ultrafast recovery times,
and an ultra-broad wavelength-independent range of saturable absorption — from the visible region
and down to the Terahertz one [9, 10]. Q-switched pulse lasers have been successfully developed
basing on graphene (see Refs. [11-14]).

In the present study, we develop a Q-switched erbium-doped fibre laser based on the SA in
graphene oxide (GO). Here the GO has been optically deposited around a tapered fibre in a very
simple manner, namely by just dropping a few droplets of a GO solution on the waist region of a
microfibre. Then the evanescent field of the light propagating in the tapered fibre waveguide
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interacts with the GO-solution droplets and forms the SA around the fibre waist. A stable pulse
train has been obtained in this manner, with the repetition rate ranging from 37.06 to 53.45 kHz.
As a result, our laser can generate the energy 0.78 nJ at 1529 nm, which corresponds to the
maximum output power 42.18 uW.

2. Deposition of GO around a tapered fibre

A tapered optical fibre was fabricated with a heat-and-pull technique. A 1 cm long uncoated
standard optical fibre was clamped on two optical-fibre holders. Then the fibre was heated using a
movable butane-oxy flame for its softening. Finally, it was stretched to produce a microfibre with
low losses (see Ref. [15]) and the waist 16 pm.

The evanescent optical field outside the microfibre can interact with the surrounding material
when the cladding diameter of the fibre decreases to less than 30 um [16]. By using a micro-
pipette, a 0.5 pul of GO solution was dropped onto the waist of the microfibre where a laser light
propagated. Due to the evanescent field in the microfibre and the mutual interaction between the
microfibre and the GO solution, a nonlinear SA is formed around the microfibre [17]. Notice that
interaction of the evanescent field in the microfibre with the SA at the lengths around the
interaction length would increase the optical damage threshold, when compared with that typical
for the direct interaction between the light and the SA [18]. Finally, the insertion loss of the
GO-deposited microfibre was equal to 4.7 dBm.

Fig. 1a shows the Raman spectrum of the GO solution. The spectrum indicates two peaks, D
and G. The D peak measured at 1355 cm ™' originates from a C—C bond, whereas that referred to as
G is located at 1606 cm ™' and arises from the first scattering of E>, phonon at SP* C atoms [19,
20]. Fig. 1b depicts an optical microscopic image of our tapered fibre deposited with the GO at the
approximate length 20 um.
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Fig. 1. (a) Raman spectrum of GO SA and (b) microscopic image illustrating deposition of GO SA on microfibre.

3. Experimental setup

Fig. 2 illustrates schematically a setup of our passively Q-switched fibre laser. A 980 nm laser
diode is used for pumping a 3 m-long erbium-doped fibre (Fibre Core M12 Metro Gain) which
acts as a gain medium connected to a 980/1550 wavelength division multiplexer. An optical
isolator ensures unidirectional light propagation. There are also a 90/10 coupler, a GO-deposited
microfibre, and a polarization controller for adjusting the polarization state. A 3 dB coupler is
connected to the 10% output port to monitor simultaneously the output wavelength and the
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transient processe. The data is taken using an optical spectrum analyzer (Yokogawa AQ6370C)
and a radio-frequency spectrum analyzer, whereas the Q-switched pulses are recorded with a
digital oscilloscope (Yokogawa DLM 2054).

Fig. 2. Scheme of our passively Q-switched erbium-
doped fibre laser: EDF denotes erbium-doped fibre,
ISO optical isolator, LD980 laser diode emitting at
980 nm, PC polarization controller, and WDM
wavelength division multiplexer.
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4. Results and discussion

Once the Q-switched operation starts at the pump power of 56.17 mW, broadening of the output
spectrum is clearly observed. At the 3 dB level, the bandwidth of the main peak centred at
1529 nm amounts to 2.12 nm (see Fig. 3). In addition, the gain related to this peak increases with
increasing pump power and reaches its maximum at 105.98 mW, while the 3 dB bandwidth
increases up to 2.44 nm. Broadening of the Q-switched output spectra is related to large third-order
nonlinear parameters of the GO [21]. Once the threshold pump power (56.17 mW) is achieved, the
laser starts to generate Q-switched pulses with the repetition rate 37.06 kHz and the pulse duration
26.97 pus. When the pump power increases to 105.98 mW, the repetition rate increases, too. Under
the same conditions, the pulse duration drops somewhat. This phenomenon is illustrated in Fig. 4.
In this case, the polarization controller is kept in the (unchanged) initial position while the pump

power increases.
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Fig. 3. Optical spectra of our fibre laser detected at two different pump powers.

Fig. 5 shows the output pulse train in the frequency domain obtained from the radio-
frequency spectrum analyzer. The spectrum indicates that the fundamental frequency is equal to
43.57 kHz (see inset). There is a clearly defined pulse with the extinction ratio of ~ 38 dB of the
fundamental frequency to the harmonics. Moreover, the broadband radio-frequency spectrum seen
in Fig. 5 reveals no spectral modulation, thus indicating a stable repetition rate of the passive

Q-switching observed at the pump power 88.36 mW.
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Fig. 4. Trains of Q-switched pulses detected at the pump powers 56.17, 69.85, 88.36 and 105.98 mW.
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Fig. 5. Radio-frequency spectrum detected at the pump power 88.36 mW.

Similarly to the other passively Q-switched lasers, the repetition rate of our GO-based
Q-switched fibre laser increases when the pump power does so. This is due to population inversion
in the gain medium that requires short times to reach the threshold whenever the pump power
increases (see Ref. [22]). The repetition rates from 37.06 to 53.45 kHz are observed when the input
power increases from 56.17 up to 105.98 mW. This repetition rate is higher than that reported in
Ref. [12] and comparable to the results of Ref. [23]. On the other hand, the pulse width for the
same power region decreases from 3.67 down to 2.28 us, as shown in Fig. 6.
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Fig. 6. Repetition rate and pulse width as functions of the pump power.
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Fig. 7. Pulse energy and output power as functions of the pump power.

Fig. 7 shows the pulse energy and the output power of the pulsed laser as functions of the
pump power. When the latter increases, more electrons fill up the energy state and so the SA
saturates rapidly. Then both the pulse frequency and the pulse energy increase with increasing
pump power. The pulse energy 0.78 nJ and the maximum output power 0.042 mW are achieved at
the maximum input power 105.98 mW. However, the Q-switched pulses become unstable or even
disappear with further increase in the pump power. We expect that the efficiency of the
Q-switched pulsed laser can be further improved by optimization of the SA and the microfibre, as
well as by a proper design of the laser cavity.

5. Conclusion

In summary, we have built the passively Q-switched erbium-doped fibre laser based on the GO
SA, which is deposited around the microfibre waist, and experimentally demonstrated its
successful operation. The SA was made by dropping the droplets of graphene solution on the
microfibre with a micro-pipette. Q-switched pulses have been obtained above the threshold pump
power of 56.17 mW. By adjusting the input power level, one can change the Q-switched pulse
repetition rate from 37.06 to 53.45 kHz. The maximum pulse energy 0.78 nJ has been generated in
this manner. The performance of the Q-switched erbium-doped fibre laser reported in this work
can still be improved by optimizing the microfibre dimensions and the quality of the GO.

62 Ukr. J. Phys. Opt. 2016, Volume 17, Issue 2



Passively Q-switched

References

1.

10.

11.

12.

13.

14.

15.

16.

Huang H, Yang L-M and Liu J, 2012. Femtosecond fiber-laser-based, laser-induced
breakdown spectroscopy. SPIE Defense, Security and Sensing. International Society for
Optics and Photonics. 835817-1-835817-9.

Skorczakowski M, Swiderski J, Pichola W, Nyga P, Zajac A, Maciejewska M, Galecki L,
Kasprzak J, Gross S and Heinrich A, 2010. Mid-infrared Q-switched Er:YAG laser for medical
applications. Laser Phys. Lett. 7: 498.

Rao Y, Zhu T, Ran Z, Wang Y, Jiang J and Hu A, 2004. Novel long-period fiber gratings
written by high-frequency CO, laser pulses and applications in optical fiber communication.
Opt. Commun. 229: 209-221.

Yubing T, Huiming T, Jiying P and HongYi L, 2008. LD-pumped actively Q-switched
Yb:YAG laser with an acoustic-optical modulator. Laser Phys. 18: 12—14.

Keller U, Weingarten KJ, Kértner FX, Kopf D, Braun B, Jung ID, Fluck R, Honninger C,
Matuschek N and Au J A D, 1996. Semiconductor saturable absorber mirrors (SESAM's) for
femtosecond to nanosecond pulse generation in solid-state lasers. IEEE J. Sel. Topics
Quantum Electron. 2: 435-453.

Liu H, Chow K, Yamashita S and Set S, 2013. Carbon-nanotube-based passively Q-switched
fiber laser for high energy pulse generation. Opt. Laser Technol. 45: 713-716.

Zhou D-P, Wei L, Dong B and Liu W-K, 2010. Tunable passively-switched erbium-doped
fiber laser with carbon nanotubes as a saturable absorber. IEEE Photon. Technol. Lett. 22: 9—
11.

Kashiwagi K and Yamashita S, 2009. Deposition of carbon nanotubes around microfiber via
evanascent light. Opt. Express. 17: 18364—18370.

Liu J, Xu J and Wang P, 2012. Graphene-based passively Q-switched 2um thulium-doped
fiber laser. Opt. Commun. 285: 5319-5322.

Xie G, Ma J, Lv P, Gao W, Yuan P, Qian L, Yu H, Zhang H, Wang J and Tang D, 2012.
Graphene saturable absorber for Q-switching and mode locking at 2 pum wavelength. Opt.
Mater. Express. 2: 878—-883.

Popa D, Sun Z, Hasan T, Torrisi F, Wang F and Ferrari A, 2011. Graphene Q-switched,
tunable fiber laser. Appl. Phys. Lett. 98: 073106.

Wang J, Luo Z, Zhou M, Ye C, Fu H, Cai Z, Cheng H, Xu H and Qi W, 2012. Evanescent-
light deposition of graphene onto tapered fibers for passive Q-switch and mode-locker. IEEE
Photon. J. 4: 1295-1305.

Lee J, Koo J, Debnath P, Song Y and Lee J, 2013. A Q-switched, mode-locked fiber laser
using a graphene oxide-based polarization sensitive saturable absorber. Laser Phys Lett. 10:
035103.

Saleh Z, Anyi C, Rahman A, Ali N, Harun S, Manaf M and Arof H, 2014. Q-switched
erbium-doped fibre laser using graphene-based saturable absorber obtained by mechanical
exfoliation. Ukr. J. Phys. Opt. 15: 24-29.

Harun SW, Ahmad H, Jasim A and Sulaiman A. Microfiber structures and its sensor and laser
applications. Photonics Global Conference (PGC). IEEE (2012). PP. 1-3.

Khazaeinezhad R, Kassani SH, Jeong H, Park KJ, Kim BY, Yeom D-I and Oh K, 2015.
Ultrafast pulsed all-fiber laser based on tapered fiber enclosed by few-layer WS 2 nanosheets.
IEEE Photon. Technol. Lett. 27: 1581-1584.

Ukr. J. Phys. Opt. 2016, Volume 17, Issue 2 63



Jaddoa M.F. et al

17. Jung M, Koo J, Chang Y, Debnath P, Song Y and Lee J, 2012. An all fiberized, 1.89-pum Q-
switched laser employing carbon nanotube evanescent field interaction. Laser Phys. Lett. 9:
669-674.

18. Luo Z-C, Liu M, Guo Z-N, Jiang X-F, Luo A-P, Zhao C-J, Yu X-F, Xu W-C and Zhang H,
2015. Microfiber-based few-layer black phosphorus saturable absorber for ultra-fast fiber
laser. Opt. Express. 23: 20030-20039.

19. Shahriary L and Athawale A A, 2014. Graphene oxide synthesized by using modified
hummers approach. Int. J. Ren. En. Env. Eng. 2: 58-63.

20. Sobon G, Sotor J, Jagiello J, Kozinski R, Librant K, Zdrojek M, Lipinska L and Abramski
KM, 2012. Linearly polarized, Q-switched Er-doped fiber laser based on reduced graphene
oxide saturable absorber. Appl. Phys. Lett. 101: 241106.

21. Zhao J, Wang Y, Yan P, Ruan S, Tsang Y, Zhang G and Li H, 2014. An ytterbium-doped
fiber laser with dark and Q-switched pulse generation using graphene-oxide as saturable
absorber. Opt. Commun. 312: 227-232.

22. Men S, Liu Z, Zhang X, Wang Q, Shen H, Bai F, Gao L, Xu X, Wei R and Chen X, 2013. A
graphene passively Q-switched Nd:YAG ceramic laser at 1123 nm. Laser Phys. Lett. 10:
035803.

23. Fan D, Mou C, Bai X, Wang S, Chen N and Zeng X, 2014. Passively Q-switched erbium-doped
fiber laser using evanescent field interaction with gold-nanosphere based saturable absorber.
Opt. Express. 22: 18537-18542.

Jaddoa M.F., Faruki M.J., Razak M.Z.A., Azzuhri S.R. and Ahmad H. 2016. Passively Q-switched
fibre laser based on interaction of evanescent field in optical microfibre with graphene-oxide
saturable absorber. Ukr.J.Phys.Opt. 17: 58 — 64.

Anomauyia. 3anpononosano ma anpobosano iazep 3 NACUBHOK MOOVIAYIED O0OPOMHOCMI HA
OCHOBI ONMUYHO20 BOJIOKHA, Ne208aH020 epbiem. Poboma nazepa Oaszyemvca Ha HAcuuyeHOM)
No2NUHAKHI 8 OKCUOI epagheny, HaHeceHOMY HABKONIO MIKpO8oaoKHA. MikpogonokHno obpobaaiu 3
BUKOPUCTNAHHAM CMAHOGPMHOL NOJYM STHO-OYUWYBATLHOI MeXHON02H. 3a yMo8u KOHMPOTIO
NOMYIHCHOCMI HASHIMAHHS 6 Pe30HAMOPI 60JOKOHHULL Jlazep MOodice [HOYKY8amu MIKPOCEKYHOHL
iMnyiecu 3 MOOYIAYiEr0 000pomHOCMi HA 008JxCcuHi xeulni 1529 HM 3  MAKCUMANBLHOW
nosmopiosanicmio 53,47 kl'y. Koowcen imnynvc mas enepeito 6ina 0,78 nllyc , a maxcumanvHa
8UXiIOHa nomyoicHicmeb cmanoguna 42.15 mxBm npu nacnimanui nazepHum 0i000M NOMYIHCHICMIO
105,98 mBm na oosocuni xeuni 980 um.
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