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A diode-pumped Yb:KYW planar waveguide laser, single-mode Q-switched by eva-
nescent-field interaction with graphene, is demonstrated for the first time. Few-layer
graphene grown by chemical vapor deposition is transferred onto the top of a guiding
layer, which initiates stable Q-switched operation in a 2.4-cm-long waveguide laser
operating near 1027 nm. Average output powers up to 34 mW and pulse durations as
short as 349 ns are achieved. The measured output beam profile, clearly exhibiting a
single mode, agrees well with the theoretically calculated mode intensity distribution
inside the waveguide. As the pump power is increased, the repetition rate and
pulse energy increase from 191 to 607 kHz and from 7.4 to 58.6 nJ, respectively,
whereas the pulse duration decreases from 2.09 us to 349 ns. © 2015 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4905785]

Since the first application of graphene as a saturable absorber (SA) in fiber and bulk solid-state
lasers, different types of graphene-based SAs have been developed and widely investigated.'—
Owing to its unique and outstanding optical properties including ultrabroad absorption, large
third-order nonlinearity and ultrafast nonlinear response,*® graphene can initiate pulsed laser oper-
ation over a wide spectral range. In particular, relatively simple fabrication processes, the flexible
design of devices for direct or indirect interaction with the propagating beam within the laser cavity
and the high optical damage threshold originating from the carbon-carbon covalent bonding make
graphene SAs alternative Q-switching and mode-locking devices’ ! in addition to widespread
semiconductor saturable absorber mirrors (SESAMs).!!

In recent years, Yb’*-doped crystals possessing upper state lifetimes in the sub-ms range
and broad emission bandwidths have proven to be promising gain media for developing efficient
continuous wave (cw) and pulsed coherent sources at wavelengths near 1 um.!'~!> Owing to strong
absorption bands around 940, 970, and 980 nm, which are spectrally well-matched to the wave-
lengths of commercially available low-cost laser diodes, and small quantum defects down to less
than 1%'% in quasi 3-level energy systems reducing the upper state thermal load and quenching
process, compact and efficient Yb-doped bulk solid-state lasers have been demonstrated without extra
cooling in different cavity configurations.'>~!° To increase the compactness, waveguide lasers based
on various waveguiding structures have recently been proposed. The waveguides can be fabricated
inside dielectric gain media by various techniques, including diffusion bonding, ion implantation,
liquid-phase epitaxy and ultrafast laser inscription.’’->* Such waveguide geometries additionally
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provide high intra-cavity pump intensity even with low-power pumping, excellent overlap of the
pump and cavity modes, and efficient heat dissipation. The operation of waveguide lasers Q-switched
or mode-locked using SESAMs and other SAs based on Cr-doped crystals, carbon nanotubes and
graphene has been demonstrated.??% In most cases, however, a direct interaction scheme of light with
the SAs, i.e., placing the SA perpendicular to the resonator axis, was employed. To reduce the damage
susceptibility and thermal load of SAs, indirect interaction by evanescent-field coupling was recently
suggested for Q-switching and mode-locking.®?”-?8 In the present work we demonstrate, for the
first time, Q-switched operation of an Yb**:KY(WO,), (Yb:KYW) planar waveguide laser through
evanescent field coupling with few-layer graphene deposited on the top surface of the waveguide. The
lateral interaction scheme increases the nonlinear interaction length between graphene and the beam
propagating within the waveguide. By optimizing the length and position of the deposited graphene,
we are able to achieve stable single-mode Q-switched operation with average output powers up to
34 mW at 1027 nm. Additionally, in contrast to the Q-switched Nd:YAG waveguide laser reported
in Ref. 28, we are able to observe a transition from stable Q-switching to an intermediate state of
mode-locking for the first time in a planar waveguide laser.

For the laser experiments an Yb** (1.7 at. %) doped KYW planar waveguide is chosen as the
gain medium. The fabrication procedure is described in detail in Ref. 20. The Yb:KYW guiding
layer with a thickness of 26.4 um is grown onto the polished (010) surface of an undoped KYW
substrate by liquid phase epitaxy. The fabricated Yb:KYW/KYW planar waveguide is subsequently
cut to a length of 6 mm along the N,-dielectric axis, and both end faces are polished to a high op-
tical quality. To realize Q-switched operation by evanescent-field interaction with the SA, few-layer
graphene is transferred onto the top of the Yb:KYW guiding layer. The few-layer graphene used as
the SA is first grown onto a copper foil by chemical vapor deposition (CVD); a similar procedure
is described elsewhere.?! An as-grown few-layer graphene coated with poly (methyl methacrylate)
(PMMA) as supporting layer, to enhance efficient evanescent-field coupling, is then transferred onto
the top of the Yb:KYW planar waveguide after removal of the copper foil by etching. One half of
the whole top area of the waveguide, i.e., ~3 mm of the propagation length, is covered with the
graphene, whose linear absorption is measured as 7.8% around the laser operation wavelength.

The laser oscillator comprises the Yb:KYW planar waveguide, an achromatic lens, and two
mirrors including a 4% output coupler (OC), as shown in Fig. 1. A polarization-maintaining
fiber-coupled single-mode laser diode (LD) operating at 980 nm (CHP1999, 3S photonics) serves
as the pump source, and a Faraday isolator (I0-5-980-HP, Thorlabs) is inserted between the LD
and a half-wave plate to prevent back reflection of the pump beam to the LD. The half-wave plate
ensures that the pump beam polarization is parallel to the N, axis of the Yb:KYW waveguide. The
collimated pump beam is then focused into the planar waveguide by a lens through the dichroic
plane mirror serving as input coupler. The focused beam diameter at the position of the waveguide
endface is estimated using the knife-edge method as 23.6 um, which is slightly smaller than the

ocC

FIG. 1. Schematic of the Yb:KYW planar waveguide laser Q-switched by evanescent-field interaction with graphene. L1,
convex lens with a focal length of f = 50 mm; L2, aspheric lens with f = 6.24 mm; M, dielectric plane mirror (high
transmission at 980 nm and broadband high reflection near 1030 nm); OC, 4% output coupler.
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thickness of the waveguide. An aspheric lens is inserted between the waveguide and OC to maintain
efficient mode matching both in the vertical and horizontal planes within the waveguide and to
increase the stability range of the resonator. The laser output beam is finally collimated using a
convex lens for further characterization.

Before investigating the performance of the Yb:KYW planar waveguide laser Q-switched by
the evanescent-field coupling with the deposited graphene SA, the cw operation is characterized.
CW lasing starts at an incident pump power of 221 mW and a maximum output power of 93 mW
at 1028 nm is achieved with 724-mW pumping. The slope efficiency amounts to 20.2% in the cw
regime with respect to the incident pump power. At a given pump power Q-switching does not
occur automatically when the laser cavity is optimized for maximum cw output power. Q-switched
operation of the Yb:KYW planar waveguide laser is obtained by careful alignment of the cavity
length and the position of the intra-cavity lens. The Q-switching is stable when the cavity length
is adjusted to 2.4 cm. The measured laser spectrum in this regime, centered at 1027 nm with a
spectral bandwidth of 1.7 nm, is shown in Fig. 2. The Q-switched pulse train is recorded by a
fast photodiode (InGaAs PIN detector ET-3500, EOT, 15 GHz, 25 ps) and an oscilloscope (TDS
7254, Tektronix, 2.5 GHz, 20 Gs/s) (inset of Fig. 2). The repetition rate varies from 191 kHz to
607 kHz as the pump power increases, as is shown in the upper row of Fig. 3(a). This behavior
is typical for passively Q-switched lasers and occurs, because the repetition rate is proportional to
the peak intensity in the laser cavity and strongly depends on the transition rate of the gain and
the saturation level of the absorber.’>*3 The pulse duration of the Q-switched laser pulses is also
measured for different pump powers. The lower row of Fig. 3(a) shows a decrease in the pulse
duration from 2.09 us to 349 ns when the pump power increases. The corresponding single-pulse
energy, which increases from 7.4 to 58.6 nJ, is depicted in the upper row of Fig. 3(b). The lower
row of Fig. 3(b) displays the measured input-output power characteristics. The Q-switching pump
threshold is measured as 324 mW, and Q-switching is easily achieved above this threshold up to the
maximum output power of 34 mW, corresponding to the single-pulse energy of 58.6 nJ. The slope
efficiency in this case is 9.1%.

The spatial beam profile in the stable Q-switched regime indicates almost a single transverse
mode, whereas the beam profile in cw operation shows either a distorted single or double mode in
the vertical direction when the output power is aligned to the maximum. The reduced slope effi-
ciency in Q-switched operation in comparison with the cw case is attributed mainly to the different
mode profiles in the slightly different cavities and the different evanescent-field coupling strengths
with the SA, which lead to different linear and nonlinear losses in the cavity.

The measured spatial beam profile of the laser output is compared with the calculated mode
intensity distribution inside the planar waveguide. Figure 4(a) shows the structure of the waveguide
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FIG. 2. Graphene Q-switched Yb:KYW planar waveguide laser by evanescent-field interaction: optical spectrum and pulse
train (inset).
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FIG. 3. Graphene Q-switched Yb:KYW planar waveguide laser by evanescent-field interaction: (a) dependence of repetition
rate (upper) and pulse duration (lower) on input pump power and (b) pulse energy (upper) and average output power with
linear fit (lower).
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FIG. 4. (a) Structure of the grapnene depositied Yb:KYW planar waveguide, calculated propagating beam profiles of (b) the
fundamental (TE) and (c) the second-order (TE;) guided modes and (d) measured beam profile in Q-switched operation.

used in this work. The refractive indices of the PMMA layer, few-layer graphene, Yb:KYW guid-
ing layer and KYW substrate are assumed as 1.4817, 3, 2.0006, and 2, respectively,?'** and their
thicknesses are set to 0.5 um, 1.02 nm, 26.4 um, and 100 um, respectively, as illustrated in Fig. 4(a).
As expected, our planar waveguide supports multiple spatial modes in the vertical direction owing
to the relatively thick guiding layer. Figures 4(b) and 4(c) show the calculated beam profiles of the
fundamental and second-order transverse-electric (TE) guided modes. The ultrathin graphene layer
has only negligible influence on the mode calculation. The fundamental mode in Fig. 4(b) is tightly
confined inside the waveguide, whereas the first higher-order mode in Fig. 4(c) extends further into
the substrate. In the Q-switching experiment, we adjust the position of the intra-cavity lens and the
cavity length to achieve the clear fundamental mode by efficient beam coupling while monitoring
the spatial beam profile. Although Q-switched pulses can be generated also in multi-mode opera-
tion, this regime is unstable and can be sustained only for a limited time. Figure 4(d) presents the
image of the intensity distribution of the single-transverse-mode Q-switched laser, measured after
the OC, with the horizontal and vertical intensity profiles. The output beam is almost single mode,
as expected from the theoretical calculation. The low-intensity ripples appearing in the vertical
direction below the fundamental mode are mainly attributed to artifacts created by the undesired
interference of the reflected beam in the Fabry-Perot-type resonator.

When the cavity length is reduced to 2.25 cm and the position of the intra-cavity lens and OC
are carefully realigned, we observe a transition from stable Q-switching to an intermediate state
with mode-locking. Figure 5 shows the measured pulse train in this intermediate regime, depicted
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FIG. 5. Oscilloscope trace of the mode-locked signal on Q-switched envelope in different spans of (a) 2 us and (b) 8 ns.

in two different spans. The unstable modulation of the mode-locked pulses can be observed on the
Q-switched envelope. The separation between the modulated signals corresponds to the repetition
rate of 4.81 GHz, which agrees well with the effective cavity length of our planar waveguide laser.
The number of logitudinal modes in the measured optical spectrum is caclulated to be 278. A direct
measurement of the pulse duration by auto-correlation cannot be performed at this stage, because
the pulse energy of < 7 pJ estimated for the given repetition rate is too low. To realize stable passive
mode-locking of the planar waveguide by the evanescent-field coupling, a new waveguide sample
of reduced thickness will be needed and the interaction with the graphene SA shall also be further
optimized.

In summary, we report the laser performance of a graphene Q-switched Yb:KYW planar
waveguide laser by evanescent-field interaction. The CVD-grown few-layer graphene SA deposited
on top of the Yb:KYW guiding layer provides efficient saturable absorption by evanescent-field
coupling between the guided fundamental mode and graphene. The Q-switched Yb:KYW planar
waveguide laser delivers 349-nJ pulses with a maximum output power of 34 mW, corresponding to
a single-pulse energy of 58.6 nJ at a 607-kHz repetition rate. The pulse duration and repetition rate
can be tuned from 2.09 us to 349 ns and from 191 to 607 kHz, respectively. The spatial intensity
distribution of the laser beam indicates stable Q-switched single-mode operation. A transition from
Q-switching to mode-locking enabling generation of much shorter pulses is also observed for the
first time in a planar waveguide laser by adjustment of the resonator length and fine alignments.
We believe that our concept, i.e., the SA-integrated waveguide as a gain medium in a geometry
employing evanescent-field interaction, can be further improved to demonstrate not only compact
Q-switched, but also mode-locked waveguide lasers.
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