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Graphene-doped polymer nanofibers for low-threshold
nonlinear optical waveguiding

ChaoMeng1*, Shao-LiangYu1*, Hong-QingWang2*, YueCao2, Li-MinTong1,Wei-Tao Liu2 andYuen-Ron Shen3

Graphene-doped polymer nanofibers are fabricated by taper drawing of solvated polyvinyl alcohol doped with liquid-phase exfoliated

graphene flakes. Nanofibers drawn this way typically have diameters measured in hundreds of nanometers and lengths in tens of

millimeters; they show excellent uniformity and surface smoothness for optical waveguiding. Owing to their tightly confined

waveguiding behavior, light–matter interaction in these subwavelength-diameter nanofibers is significantly enhanced. Using

approximately 1350-nm-wavelength femto-second pulses, we demonstrate saturable absorption behavior in these nanofibers with a

saturation threshold down to 0.25 pJ pulse21 (peak power,1.3 W). Additionally, using 1064-nm-wavelength nanosecond pulses as

switching light, we show all-optical modulation of a 1550-nm-wavelength signal light guided along a single nanofiber with a switching

peak power of ,3.2 W.
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INTRODUCTION

Graphene and its derivatives have attracted considerable interest as

materials for micro/nano-photonic devices because of their excep-

tional optical and electronic properties, which include a gapless band

structure1, universal ultra-broadband optical absorption2,3, control-

lable carrier doping4,5, ultrahigh charge-carrier mobility6, and ultra-

fast carrier relaxation time7–9. However, single-layer graphene

absorbs only about 2% of transmitted light, which is too low for

many photonic functionalities. The integration of graphene with

photonic micro/nanostructures (e.g., optical waveguides and micro-

cavities10–19) can strongly enhance the graphene–light interaction,

and has been used in many applications ranging from photodetec-

tors12,14,15 to optical polarizers11, ultrafast lasers10, and optical mod-

ulators13,16,17. Optical waveguides are particularly attractive due to

their significantly enhanced interaction length, compact size, and

high integrability, but hybridizing graphene film with a micro/nano-

waveguide involves elaborate and complicated transferring pro-

cesses13,19 that are time-consuming and difficult to adapt to

waveguides on a subwavelength scale. Furthermore, although field

intensity inside the waveguide is much stronger than outside20, gra-

phene film usually has to be pasted outside the waveguide13,17,19.

Recently, polymer optical nanofibers have been demonstrated to be

excellent hosts for a number of functional dopants such as dye mole-

cules21, quantum dots22, and gold nanorods23, and have shown great

promise in nanophotonics with great versatility and high compact-

ness24–28. Compared to most other functional dopants (e.g.,

quantum dots or dyes), graphene has many outstanding properties

including no photo-bleaching, much higher optical nonlinearity and

ultra-broadband compatibility.

Here, we report on the successful fabrication of graphene-doped

polymer nanofibers, drawn from a solvated polymer with incorpo-

rated liquid-phase exfoliated (LPE) graphene flakes, which exhibit

excellent optical and mechanical properties29. With a controllable

amount of dopant, these nanofibers may exhibit broadband ultrafast

saturable absorption with very low pulse energy, suggesting they have

possible applications in ultra-low-threshold saturable absorption and

all-optical modulation. Using nanosecond pulses as pump light, we

show all-optical modulation of the transmission of continuum-wave

(CW) light through a single nanofiber.

MATERIALS AND METHODS

Preparation of graphene flakes

Graphite powders (1.1 wt-%) were exfoliated into single- and few-

layer graphene sheets in water using sodiumdeoxycholate (SDC) (0.44

wt-%) as a bile salt surfactant through tip sonication (BRASON S-

450A; Emerson Electric Co., Danbury, CT, USA)29. To remove thick

graphite materials (such as un-exfoliated graphite and large graphite

particles) from the water, the prepared dispersion was left standing

overnight. The top 80% of the graphene dispersion was decanted and

centrifuged at 12 000 r min21 for one hour, leaving a gray supernatant

that predominantly contained single-layer and few-layer graphene, as

shown in the first step of Figure 1. The lateral dimensions of the

obtained graphene flakes ranged from a few hundred nanometers to

several micrometers (Supplementary Information Fig. S1). The con-
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centration of graphene in the aqueous suspension, as derived from

the absorption spectrum (Supplementary Information Fig. S2), was

approximately 0.2 mg mL21 30.

Preparation of graphene-doped polymer nanofibers

Optical-quality graphene-doped PVA (G/PVA) nanofibers were fab-

ricated using a direct drawing method. To prepare graphene-doped

polymer, 8 mL of graphene dispersion were doped with 200 mg poly-

vinyl alcohol (PVA), followed by magnetic stirring for 4 hours at 80 6C

to obtain an optically homogeneous G/PVA solution, as shown in

Figure 1c. PVA was chosen as the host polymer because of its high

transparency in the visible and near-infrared region, excellent solvent

compatibility with graphene flakes, and good mechanical and thermal

properties31,32. A tungsten tip was then used to draw nanofibers from

the doped polymer, as shown in Figure 1d.

RESULTS AND DISCUSSION

The drawn G/PVA nanofibers were typically hundreds of nanometers

in diameter and tens of millimeters in length. Their diameters were

uniform along their lengths and their surfaces were smooth

(Figure 2a). The dopant did not appreciably change the structural

and mechanical properties of the nanofiber. Such nanofibers can be

readily incorporated as integrated components, such as microcavities

or junctions, into a photonic circuit. For example, by micromanipu-

lation under an optical microscope24, a G/PVA nanofiber can be

assembled into a loop (Figure 2b, also a knot in Supplementary

Information Fig. S3) or a spiral (Figure 2c) without failure.

We used transmission electron microscopy (TEM) and micro

Raman spectroscopy to characterize the G/PVA nanofibers. The

TEM image (Figure 2d) of a G/PVA nanofiber shows that graphene

flakes (appearing as small dark patches) were spread out in the fiber.

Figure 2e compares the Raman spectra of a G/PVA nanofiber, a pure

PVA nanofiber, and an LPE graphene flake on a silicon substrate. The

G, D, and 2D modes of graphene are clearly visible in the spectrum of

G/PVA, indicating the presence of graphene in the fiber. The 2D peak

appearing as a single Lorentzian peak is characteristic of monolayer

graphene32,33.

To study linear transmission of the G/PVA nanofibers, incoherent

white light (a fiber-coupled halogen lamp, spectrum given in

Supplementary Information Fig. S4) was coupled to the G/PVA nano-

fiber at one end via the fiber-taper-assistant evanescent coupling

scheme24 (Supplementary Information), and transmitted light was

detected at the other end. Both the G/PVA nanofiber and the fiber

taper were freestanding in air to eliminate the short-pass filtering

effect. Figure 3a shows an optical microscope image of an 800-nm-

diameter G/PVA nanofiber guiding green and red lights. Compared

with the relatively strong output (right-hand output spot of the nano-

fiber), sidewall scattering is negligible (Supplementary Information

Fig. S5), indicating no obvious aggregation of graphene flakes in the

fiber (Figure 2d). Figure 3b shows a normalized broadband transmit-

tance of a typical 100-mm-long, 720-nm-diameter G/PVA nanofiber.

Transmittance at the long-wavelength side (.1200 nm) seems higher
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Figure 1 Schematic illustration of the fabrication procedure for creating G/PVA

nanofibers. (a, b) Graphite powder was exfoliated into an aqueous graphene

dispersion using sodium deoxycholate (SDC) as a bile salt surfactant.

(c) Doped with polyvinyl alcohol (PVA), the graphene aqueous solution was mag-

netically stirred to create solvated G/PVA. (d) G/PVA nanofibers were directly

drawn from the solvated G/PVA using a tungsten probe.
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Figure 2 Electronmicroscopy and Raman characterization of G/PVA nanofibers.

(a–c) SEM images of (a) 170- and 510-nm-diameter G/PVA nanofibers,

(b) a 7-mm-diameter micro-knot tied with a 600-nm-diameter G/PVA nanofiber

and (c) a micro spiral assembled with a 480-nm-diameter G/PVA nanofiber. (d)

TEM image of a 290-nm-diameter G/PVA nanofiber. (e) Raman spectra of a LPE

graphene flake (upper), a pure PVA nanofiber (middle), and a G/PVA nanofiber

(bottom). The insets show TEM images of the corresponding samples. Scale

bars, 200 nm.
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than the rest, which can be explained by lower fractional power con-

fined in the fiber at longer wavelengths20.

We quantitatively measured the linear absorption coefficient of a

representative G/PVA nanofiber (650 nm in diameter and doped with

,0.8 wt-% of graphene flakes) at selected wavelengths using CW

lasers. The laser light was coupled to the nanofiber at different posi-

tions to vary propagation length in the nanofiber, and the absorption

coefficient was deduced from the exponential decay of the transmitted

light and increase in propagation length. The results displayed in

Figure 3c yield absorption coefficients of 0.11 dB mm21 (0.024

mm21) at 633-nm wavelength and 0.069 dB mm21 (0.016 mm21) at a

1550-nm wavelength of a G/PVA nanofiber, which are lower than

many other functionally doped polymer nanofibers34,35; this is due

to the excellent surface quality and relatively low concentration of

graphene dopants. For reference, the length-dependent output of a

pure PVA nanofiber is also provided, with an absorption coefficient of

approximately 0.004 dB mm21 (0.0001 mm21) at a 1550-nm wave-

length. The excellent exponential fitting of the propagation length

dependent output power of the G/PVA nanofiber shows that, on aver-

age, the graphene has been uniformly doped along the length of the

nanofiber. By changing the concentration of graphene flakes in the

solvated polymers before fiber drawing (Supplementary Information

Fig. S2b), the absorption coefficient of the G/PVA nanofibers can be

changed. Because graphene absorption converts guided light into heat,

the optical damage threshold of the G/PVA nanofiber is lower than

that of the pure PVA nanofiber. As shown in Figure 3d, the abrupt

drop in transmittance of continuous wave 1550-nm light at high

power marks a damage threshold of approximately 10 mW for the

pure PVA nanofiber (blue hexagons) and 1 mW for the G/PVA nano-

fiber (red circles).

With pulsed laser excitation, the band filling (Pauli blocking)

effect of the exited carriers can drastically change the absorption

spectrum of graphene and lead to saturable absorption of the G/

PVAnanofibers31,32,36,37. To investigate this effect, we used fiber tapers
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Figure 3 Optical characterization of G/PVA nanofibers. (a) Optical microscopy image of an 800-nm-diameter G/PVA nanofiber waveguiding green (top) and red

(bottom) light. The G/PVA nanofiber is marked with dashed boxes. (b) Typical broadband transmittance of a 100-mm-long, 720-nm-diameter G/PVA nanofiber.

(c) Propagation-distance-dependent output optical intensities of a G/PVA nanofiber at 633- and 1550-nm wavelengths. (d) Optical damage threshold measurements

of a pure PVA nanofiber (blue hexagons) and a G/PVA nanofiber (red circles) waveguiding 1550-nm-wavelength continuous-wave light. (e) Broadband saturable

absorption behaviors of single G/PVA nanofibers guiding femtosecond pulses and power-dependent transmittance of a pure PVA nanofiber. Inset is an optical

microscope image of a 100-mm-long, 800-nm-diameter G/PVA nanofiber coupled to two fiber tapers in air. To facilitate in/out light coupling, the nanofiber is coupled

to two fiber tapers.
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Figure 4 G/PVA nanofiber for optical modulation. (a) Schematic illustration of

the experimental setup. The inset shows a microscope image of one G/PVA

nanofiber coupling with two fiber tapers in air. Scale bars, 50 mm. (b) Input-

power-dependent nonlinear transmittance of a 120-mm-long G/PVA nanofiber

guiding 1064-nm-wavelength nanosecond pulses. (c) Optical modulation of a

CW 1550-nm-wavelength light by 1064-nm-wavelength nanosecond pulses

(average power of ,80 mW) in a single G/PVA nanofiber. The gray line repre-

sents themeasured signal output with the switch light on and the signal light off.
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at both ends of a 800-nm-diameter, 100-mW-long, G/PVA nanofiber

to couple light in and out of the fiber (inset of Figure 3e), and used

low-average-power ultrafast pulses (,200 fs, 78MHz) from an optical

parametric oscillator (OPO) as a probe. The two fiber tapers were

angularly separated to avoid direct communication between the

two. Figure 3e plots the power-dependent transmittance of the nano-

fiber at 1350-, 1437-, and 1549-nm wavelengths. At an average power

below 10 mW, the nanofiber shows linear transmittance of approxi-

mately 10% at all three wavelengths; when the power was increased

to ,10–20 mW, transmittance started to increase with increasing

power due to saturated absorption. Because the optical field is better

confined in a nanofiber at shorter wavelengths20, the linear transmit-

tance and saturable absorption threshold of the G/PVA nanofiber

decreases as wavelength decreases. At 1350 nm, the saturable absorp-

tion threshold is,20 mW, corresponding to a pulse energy of,0.25 pJ

pulse21 (,1.3 W peak power). At power of ,200 mW, the transmit-

tance changes from 10% to 21%, which is a larger change than those in

previously reported composite graphene/PVA films (e.g., from 64.4%

to 65.7% [Ref. 32], and from 26.5% to 28.6% [Ref. 38]). Higher

graphene doping concentration can lead to larger power-dependent

changes while still maintaining reasonable linear transmittance36.

For reference, the power-dependent transmittance of a pure PVA

nanofiber is also presented in Figure 3d, showing no evident saturated

absorption when the graphene dopants are absent.

Saturable absorption can be utilized for optical modulation or

switching of light. Here, we demonstrate the use of a G/PVA nano-

fiber for all-optical modulation at approximately 1550-nm wave-

length (the C-band of optical communication) with low power

consumption and a miniaturized footprint. As schematically illu-

strated in Figure 4a, the measurement was arranged using fiber tapers

at both ends of a G/PVA nanofiber to couple light in and out. In turn,

the fiber tapers were connected to standard fiber circuits for the all-

optical modulation test. In the experiment, the signal beam (1550-nm

CW light) and modulating beam (1064-nm, 5-ns laser pulses with a

repetition rate of 5 kHz) were coupled to standard optical fibers,

combined with co-propagation beams and sent into the nanofiber

via a fiber taper. Limited by the damage threshold of the G/PVA

nanofiber (,1 mW for CW light), the CW signal light was kept below

0.5 mW. Additionally, to facilitate the detection of transient modu-

lation on the low-power CW light, here we used nanosecond (instead

of femto- or pico-second) pulses as switching light. The nanofiber

was 120-mm in length, 800-nm in diameter, and doped with,0.8 wt-%

graphene. The signal output was collected by the fiber taper at the

output end, filtered by an in-line fiber-optic notch filter to eliminate

the modulating pulses, and finally directed to a photodetector (PIN).

The power of the modulating pulses was monitored by an optical

power meter (PM). We first measured the power-dependent trans-

mittance of the modulating beam without the in-line notch filter in

place. The result, shown in Figure 4b, was a threshold of saturable

absorption at ,10 mW (,0.4 W peak power). With the CW signal

beam in, the output at 1550 nm appeared in the form of spikes with a

period of 200 ms (red line in Figure 4c), which was synchronized with

the repetition rate (5 kHz) of the modulating pulses. Compared with

many other all-optical modulators, such as silicon micro-ring mod-

ulators39,40, the G/PVA nanofiber operated at a comparable modu-

lating peak power of ,3.2 W (,16 nJ pulse21) but has the

advantages of a miniaturized size and great flexibility for integration.

Considering that the response time of the graphene-based all-optical

modulation is on 2-ps level19, the switching energy of the G/PVA

nanofiber can go below 10 pJ.

CONCLUSIONS

To summarize, we have fabricated graphene-doped nanofibers with

high optical quality. Due to the high optical confinement of waveguid-

ing modes for enhanced light–matter interaction, the subwavelength-

diameter nanofiber exhibited saturable absorption behavior with a

threshold down to 0.25 pJ pulse21 (peak power ,1.3 W). As a one-

dimensional structure, the G/PVA nanofiber has a much smaller over-

all size than many other graphene-incorporated two-dimensional

structures (e.g., films or membranes) and can be used to fabricate

nanophotonic devices with much more compact sizes, lower thresh-

olds, and lower operation power. Additionally, nanofibers are com-

patible with and can be readily integrated into a mature platform of

fiber optics without sacrificing their merits, such as low loss and

polarization independent waveguiding. As a nanoscale nonlinear

optical waveguide, the G/PVA nanofiber may open opportunities

for diverse applications in future nanophotonic circuits and devices.
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