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Controllable Dynamic Single- and Dual-Channel Graphene
Q-Switching in a Beam-Splitter-Type Channel Waveguide

Laser

Ji Eun Bae, Thomas Calmano, Christian Krinkel, and Fabian Rotermund*

Direct inscription of structures by femtosecond-laser pulses facilitates the
flexible fabrication of diverse optical channel waveguides in dielectric laser
gain media. Among them, beam-splitter-type waveguide lasers have been
recently studied; however, there is a lack of investigations on the effect of
unique characteristics of such waveguides, such as controlled splitting ratios
of output powers and selectable excitation of individual channels, for pulsed
laser operation. Here, dynamic single- and dual-channel graphene
Q-switching of an Yb:YAG waveguide consisting of one input and two output
channels is demonstrated by controlling the power-splitting ratio.
Single-channel Q-switched operation, exhibiting typical Q-switched pulses, is
achieved by interaction between the graphene saturable absorber and the
desired one of the two channels. When both channels exceed the Q-switching
threshold, dual-channel Q-switching generates a pulse train that
simultaneously combines the separately Q-switched pulses induced from
each channel under excitation with a single pump source. At a fixed
power-splitting ratio, the pulsed mode can be dynamically switched between
the single- and dual-channel Q-switched operations by varying the pump
power. The beam-splitter-type waveguide laser demonstrated in this study can
be further developed for multiple-channel Q-switching, high-repetition-rate

1. Introduction

Optical waveguides (WGs) are essen-
tial components of integrated photonics.
This approach is applicable to active am-
plifiers, laser oscillators, as well as pas-
sive functional devices, such as couplers
and modulators. In particular, the in-
scription of WG structures inside laser
gain media by intense laser pulses is a
prevalent strategy for downsizing solid-
state lasers to an on-chip handheld scale,
owing to effectively confined light prop-
agation within micrometric or even sub-
micrometric volumes. To fabricate chan-
nel WGs in dielectric crystalline mate-
rials, the femtosecond direct laser writ-
ing (fs-DLW) technique has been increas-
ingly utilized to facilitate complex 3D ge-
ometries and permanent refractive index
changes in the volume of crystals without
any plastic deformation.l?! In addition
to straight channels, on-demand curve-
shaped channel WGs based on fs-DLW

mode-locking, and on-chip dual-comb sources advantageous for diverse
applications in optical communication, metrology, and sensing.
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have been demonstrated and provide sig-
nificant potential for diverse functional
optical elements.[>*]

Beam-splitter-type (BS) WGs fabricated by fs-DLW are used
not only in passive devices,!>®! but also for continuous-wave (cw)
laser operation in the 171 and 2 pm/'% wavelength range. Such
BS WG lasers providing multiple lasing output signals from a
single pump could be utilized in quantum optics, optical sens-
ing, and communication applications. So far, pulsed operation
of a BS WG laser has only been demonstrated in a passively
Q-switched Nd**-doped Y;Al;0,, (Nd:YAG) BS WG.[''12] The
lasers were pumped by a Tisapphire laser and the Nd:YAG
BS WGs were based on the depressed-cladding WG structure
consisting of 10 or more arrayed tracks. In these investigations,
the Q-switched operation was demonstrated for a particular
power splitting ratio close to 50:50 by using few-layer graphene
and the separation of two outputs were less than 100 um. In
the present study, we focus, for the first time, on an Yb**-doped
YAG (Yb:YAG) double-track BS WG laser that permits efficient
Q-switched operation and actively tunable power splitting ratios
with diode-pumping. In our previous report on the cw operation
of the Yb:YAG BS WG,"! the high output powers and slope
efficiencies with variable splitting ratios were characterized in
a compact cavity configuration without laser mirrors, which
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is beneficial for device integration. The output channel sepa-
rations between 81 and 647 pm were used with different radii
of curvature of the splitting WG part. In terms of developing
high-power miniaturized laser systems in the 1 um wavelength
range, diode-pumped Yb:YAG lasers are also beneficial due to
their low quantum defect (Stokes shift) between the pump and
laser wavelength and a subsequent low heat generation.!>13-1¢]

One of the most critical conditions for a suitable saturable ab-
sorber (SA) for passive Q-switching or mode-locking of compact
lasers is its flexible integrability in a laser cavity. Low-dimensional
nanocarbons such as graphene and carbon nanotubes have been
successfully recognized as suitable SAs in Q-switched!*’-2!] and
mode-locked Yb**-doped fs-DLW WG lasers.[?25] They exhibit
superior optical properties including ultra-broadband nonlinear
absorption, large nonlinearity and ultrafast relaxation time, and
enable a relatively low cost and facile fabrication process.!?’] In
addition, they possess a high level of robustness and chemical
(environmental) stability compared with other nanomaterials.

In this study, we present a novel dual-channel Q-switched op-
eration using a fs-DLW BS Yb:YAG WG laser with one input and
two output channels, utilizing monolayer graphene as the SA.
By integrating graphene SAs on two output channels of the BS
WG, stable passive Q-switching is achieved, and the Q-switched
pulse trains from both output channels show identical pulse rep-
etition rate and pulse duration. The output laser power split-
ting ratios can be varied depending on the incoupling position
of the pump beam. A dynamic change in the pulsed sequence
is observed between single- (Channel 1 or Channel 2) and dual-
channel Q-switching by modifying the pump power splitting ra-
tio and thus the laser power interacting with the graphene SA.
Single-channel Q-switching is characterized by a conventional
regular Q-switched pulse train. In the dual-channel Q-switching
mode, a hybrid pulse train is observed, which combines the Q-
switched pulses generated by each channel, resulting in two dif-
ferent pulse characteristics obtained with only one single pump
source. The laser cavity consists of a graphene-integrated fs-
DLW BS Yb:YAG WG and a pump mirror highly-reflective (HR)
for the laser wavelength, ensuring simplicity and compactness
with an output coupling ratio of 91%. The pulsed operation can
be dynamically switched between single- and dual-channel Q-
switching by adjusting the lateral position of the BS WG with re-
spect to the pump. The overall pulse characteristics are analyzed
in detail with respect to pump incoupling position and pump
power. The present study is mainly focused on the validation
of the striking dual-channel Q-switched operation and its con-
trollability by a single pump source. Even though BS WG lasers
have recently been recognized as an interesting approach with a
strong potential [’ 2] the beam-splitting ratio as the parameter of
paramount importance for BSs has previously been studied only
for a particular splitting value and a widely tunable beam-splitting
ratio in BS WG lasers has not been demonstrated so far.

2. Experimental Section

2.1. Fabrication of BS Yb:YAG Waveguide

The BS WG was inscribed by fs-DLW into a 9 mm long 7
at% Yb**-doped YAG crystal made from a Czochralski-grown
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Figure 1. Experimental setup for dynamic Q-switching of Yb:YAG channel
BS WG laser. Optical microscope images (blue boxes) represent the input
channel and splitting section of the fs-DLW BS Yb:YAG WG.

boule provided by FEE GmbH. The 150 fs pulses from a 1 kHz
Ti:sapphire chirped pulse amplifier (CPA-2010, Clark-MXR, Inc.)
centered at a wavelength of 775 nm were focused ~300 um be-
low the polished surface of the sample using a microscope objec-
tive with an NA of 0.65. The sample was moved by a high preci-
sion translation system (ABL1000, Aerotech Inc.). The three lin-
ear sections of the Y-shaped one-to-two BS WG were inscribed
with a translation velocity of 25 pm s™! superimposed by a
70 Hz sine oscillation with an amplitude of 2 um to increase
the index contrast.’] In the curved sections, this sine oscilla-
tion was replaced by a zigzag-movement with an amplitude of
3.5 um for technical reasons. Waveguiding based on Type-2 index
modification!’) was achieved by inscribing parallel double tracks
separated by 25 pm yielding guided beam diameters typically be-
low 20 pm. Further details on the inscription process for curved
WGs are found in the previous reports.l>”] The two mirrored s-
shaped sections forming the BS WG utilized in this study were
each composed by two counter-bent circular arcs with a radius
of curvature of 40 mm covering an arc angle of %2.6°. The re-
sulting separation of the parallel sections of the two output chan-
nels amounts to 162 pm. Optical microscope images of the in-
put facet and the splitting section of the BS WG are shown in
Figure 1.

2.2. Fabrication of Monolayer Graphene Saturable Absorber

Monolayer graphene grown via chemical vapor deposition on
copper foil was used as the SA for passive Q-switching of the
BS Yb:YAG WG. For the supporting and buffer layers of the
graphene SA, polymethyl methacrylate (PMMA) was dissolved
in chlorobenzene at a concentration of 50 mg mL~!. The PMMA
solution was spin-coated on the graphene with a thickness of
~300 nm. The PMMA buffer layer can provide a sufficiently high
mode field at the graphene SA by feedback from the Fresnel re-
flection at the interface between the PMMA layer and air. Subse-
quently, the copper foil was wet-etched, and the graphene/PMMA
composite layer was rinsed in a distilled water bath. The
graphene/PMMA was then transferred onto the polished output
facet of the BS WG (Figure 1). Finally, the WG was baked in
a vacuum oven. The image of the BS Yb:YAG WG covered
by graphene/PMMA and the Raman spectrum of the pristine
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Figure 2. Laser performance characteristics measured versus the pump incoupling position (represented as x):

Relative Incoupling Position (x)

a) Total laser output powers from both

channels for cw and graphene Q-switched operation at the maximum incident pump power of 1.94 W (absorbed pump power depending on the position
is given in Supporting Information S2). b) Output power splitting ratios and c) corresponding Q-switched output powers from each channel. d) Mode
profiles of the laser beam from BS WG at the operation wavelength of 1030 nm for five different incoupling positions. The track cross-sections are
indicated by white rectangles and the separation of the centers of the white bars is 25 um.

monolayer graphene are shown in the Supporting Information
S1. Details on the fabrication process of the graphene SA and its
transfer applicable for WG lasers can be found in the previous
work.[18]

2.3. Experimental Setup for Dynamic Q-Switching Experiments

The schematic of the laser setup for the demonstration of the Q-
switched operation is shown in Figure 1. A single-mode tapered
amplified diode laser (TA Pro, Toptica Photonics, Inc.) emitting at
969 nm was used as the pumping source. The linearly p-polarized
pump beam is focused onto the WG input facet with a diameter
of 22 ym using an aspheric lens with f = 11 mm. Another as-
pheric lens with f= 6.24 mm is used after the output facet of the
BS WG to collimate output beams from the both channels. The
BS Yb:YAG WG with a graphene/PMMA composite SA layer was
mounted on a multiaxis stage without any cooling element. To
change the pump incoupling conditions, the sample was trans-
lated perpendicular to the pump beam and the performance was
investigated at 21 different incoupling positions. Relative incou-
pling position (represented as x) coordinates were determined
by the pm-screw rotation of the used translation stage. Conse-
quently, the separation between x = 1 and x = 21 corresponds to
about 20 pm. A plane dielectric mirror highly transparent (HT) at
the pump wavelength and HR at the laser wavelength is directly
attached parallel to the WG input facet. The Fresnel reflection
from the WG output facet (R ~#9%) enables laser operation with
sufficient feedback in the WG owing to the high optical gain of
the Yb:YAG, providing a 91% output coupling ratio and compact
cavity configuration for the WG laser. The total length of the cav-
ity composed of graphene-integrated BS Yb:YAG WG and an HR
mirror is #9 mm, determined by the WG length.
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3. Results and Discussion

3.1. Tunable Beam-Splitting Performances

By moving the BS WG input facet perpendicular through the in-
put pump beam, the laser output power splitting ratio was ad-
justed in cw as well as in Q-switched operation mode. The to-
tal laser output power depending on the pump incoupling posi-
tion (represented as x in Figure 2a) was measured at the max-
imum incident pump power. The focused pump beam diame-
ter at the input facet of the WG was 22 pm, and the separa-
tion between the WG tracks was 25 um. Note that the absorbed
pump power of the BS WG decreases at both ends of the in-
coupling position because of the imperfect lateral coupling to
the WG and partial cutting of the pump beam. The incoupling-
position-dependent absorbed pump power and pump splitting
ratio were estimated from the measured residual pump power
for each position (see the Supporting Information S2). The max-
imum total output powers from both arms of 606 and 576 mW
were achieved at x =7 (total absorbed pump power of 1.57 W) for
cw and Q-switched operation, respectively. The output power in
the Q-switched regime drops only slightly compared with the cw
operation because of the low insertion losses of the graphene SA
in the cavity with a high output coupling ratio of 91%. The laser
emission for all operation modes was centered at #1030 nm with
linear p-polarization.

The measured output power splitting ratios for each channel,
depending on the pump incoupling position, are depicted in
Figure 2b. The splitting ratio between the channels (Channel
1:Channel 2) can be adjusted from 5:95 to 85:15 through 50:50
by simply changing the incoupling position into the WG, lead-
ing to a redistribution of the pump power. Figure 2c shows
the Q-switched output power from each channel obtained by

© 2022 Wiley-VCH GmbH
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Figure 3. Q-switched pulse performance measured on the basis of the
incoupling position. Dual-channel Q-switching is achieved at x = 11-17
and the other positions are single-channel Q-switched by Channel 1 (x =
18-21) or Channel 2 (x = 1-10): a) Pulse repetition rates and b) pulse
duration (full-width at half-maximum).

multiplying total output power (Figure 2a) and splitting ratio
(Figure 2b). The laser beam profiles were measured from both
output channels at various incoupling positions, as shown in
Figure 2d. The intensity of the mode profile was normalized for
each measurement.

3.2. Dynamic Single-Channel and Dual-Channel Q-Switching

Figure 3 shows the Q-switched pulse repetition rate and the
pulse duration of the Q-switched BS WG laser for different in-
coupling positions at the maximum incident pump power. A
dynamically Q-switched operation mode is achieved by control-
ling the pump incoupling position. Single-channel graphene Q-
switching by Channel 1 or Channel 2 occurs at x = 18-21 and x
= 1-10, respectively, representing a typical passively Q-switched
WG laser operation. In this regime, the pulses emitted from both
arms exhibit identical repetition rate and pulse length, albeit dif-
ferent pulse energy and thus average power. This is a clear in-
dication for a pulse formation mechanism based on only one
of the graphene SAs. For the intermediate incoupling positions
of x = 11-17, dual-channel Q-switched pulses are generated by
the interaction with the graphene SA deposited on both output
channels. The coexistence of the doubly Q-switched pulse trains
is the result of the mixed pulse oscillations in the BS WG cav-
ity originating from both channels. The laser output from the
dual-channel Q-switched BS WG emits a sequence of pulses with
two different Q-switching frequencies. These observations indi-
cate that the WG laser can dynamically generate single- and dual-
channel Q-switched pulses through a simple change of the incou-
pling conditions by moving the BS WG.

The single-channel Q-switched operation indicates single
pulse characteristics corresponding to pulses generated by each
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Figure 4. Single-channel (Channel-2) Q-switched laser performance char-
acteristics measured at the incoupling position of x = 7: a) Laser output
powers and b) pulse characteristics depending on the absorbed pump
power. c) Sequence of Q-switched pulses at the absorbed pump power
of 1.57 W. It should be noted that in the single-channel Q-switched regime
the output from both arms exhibits identical repetition rate and pulse du-
ration.

individual channel, while the dual-channel Q-switched regime
shows the combination of two different types of pulse charac-
teristics induced by both channels. Near the incoupling position
of x = 12-13, an interesting degeneracy point is observed where
the emitted pulse train exhibits single Q-switching characteristics
with a repetition rate of 1.72 MHz and a pulse duration of 110 ns.
This is exactly the case, where two pulsed modes operate un-
der identical conditions in the dual-channel Q-switched regime.
Note that the pulsed operation around this degeneracy point in-
evitably instable and thus difficult to characterize accurately. The
characteristics of the pulses versus the incoupling position follow
the trend expected from the laser output powers shown in Fig-
ure 2c. With higher output power, the repetition rate increases
and the pulse duration decreases. It is important to note that the
Q-switched pulses emitted from both channels of the BS WG ex-
hibit identical pulse characteristics (see the Supporting Informa-
tion S4).

In the case of the single-channel Q-switched operation mode,
the shortest pulses with the highest average output power are
achieved from the BS Yb:YAG WG laser at the position x =7 from
Channel 2. The laser power and pulsing performance were deter-
mined versus the absorbed pump power, as shown in Figure 4a,b,

© 2022 Wiley-VCH GmbH
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Figure 5. Dual-channel Q-switched laser pulse characteristics for the position of x = 11-17: a) Pulse trains and b) radio-frequency spectra. The funda-
mental frequencies Q-switched by Channel 1 and Channel 2 are denoted by fr, 1 and frep, 5, respectively.

respectively. In this position, the pulse trains Q-switched by the
SA of Channel 2 were obtained at the outputs of both channels
with an average output power splitting ratio between the chan-
nels of about 7:93. The total power slope efficiency was measured
to be 44.4%, representing the highest efficiency ever achieved in
a Q-switched BS WG laser. The single-channel Q-switched laser
operates at a repetition rate of 3.02 MHz with a pulse duration
of 42 ns at the maximum absorbed pump power of 1.57 W. The
corresponding pulse energy amounts to 178 nJ from Channel
2 and 13 nJ from Channel 1, respectively (see the Supporting
Information S5). The repetition rate increases from 1.68 MHz
at 0.44 W absorbed pump power to 3.02 MHz at 1.57 W ab-
sorbed pump power, while the pulse duration decreases from 128
to 42 ns, respectively, indicating the typical fast-SA Q-switched
pulse operation.['12] Below the Q-switching threshold absorbed
pump power of 0.44 W, the laser operates in cw mode. The pulse
train measured by an oscilloscope (1 GHz Tektronix, TDS7104)
using a fast InGaAs photodiode revealed stable Q-switched oper-
ation (Figure 4c). For the other single-channel Q-switching posi-
tions, we found a similar behavior.

As indicated in Figure 3, the dual-channel Q-switched regime
(x = 11-17) provides two separately generated Q-switched pulse
characteristics. The dual-channel Q-switched pulse trains for dif-
ferent incoupling positions and consequently different power ra-
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tios are shown in Figure 5. The two dominant fast and slow fre-
quency components for each pulse train can be appropriately
distinguished. This was verified using a radio-frequency signal
analyzer (Agilent N9020A). The fundamental peaks of two rep-
etition rates (f..,; and f,,, induced by Channel 1 and Channel
2, respectively) are clearly identified and the corresponding har-
monic frequencies were also measured. This confirms that the
two Q-switched signals coexist in the dual-channel Q-switched
regime. Based on the laser power tendency (Figure 2c), it can
be concluded that the fast Q-switched frequency is generated by
Channel 2, and the slower Q-switched frequency corresponds to
Channel 1 at x = 11, while the situation is reversed for the in-
coupling positions x = 14-17. The results are consistent with the
theoretical modeling of a fast-SA Q-switched laser (see the Sup-
porting Information S3).

At the position x = 11, one of the dual-channel Q-switched
positions, the pump-power-dependent laser powers were mea-
sured, as shown in Figure 6a, and a total power slope efficiency
of 35.6% and an output power splitting ratio of 27:73 were ob-
tained. Figure 6b demonstrates the corresponding Q-switched
pulse parameters. At a maximum absorbed pump power of 1.65
W, Q-switched pulse repetition rates of 2.72 and 1.36 MHz with
pulse durations of 72 and 120 ns are generated by Channel 2
and Channel 1, respectively. The corresponding pulse energy
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Figure 6. Q-switching characteristics measured at the incoupling position
of x = 11: a) Laser output powers and b) pulse characteristics depending
on the absorbed pump power. Dual-channel Q-switched operation at the
maximum pump power is maintained up to the absorbed pump power of
1.14 W.

amounts to about 115 nJ from Channel 2 and 43 n] from Chan-
nel 1, respectively. Note that the energy level of dual-channel Q-
switched pulses can be evaluated by assuming the pulses in a
typical pulse train, although an exact estimation of the pulse en-
ergy in the case of dual-channel Q-switching is difficult (see more
in detail in S5 of the Supporting Information). By reducing the
pump power, each pulse characteristic follows the expected Q-
switching tendency of lower repetition rates and longer pulse
durations. Below an absorbed pump power of 1.14 W, the out-
put pulse train switches to a single-channel Q-switched opera-
tion. In the pump power range between 0.72 and 1.14 W, single-
channel Q-switching is expected to be obtained by Channel 2.
This is because Channel 1 delivers lower output power and infe-
rior pulse performance. Consequently, its Q-switching threshold
pump power is expected to be higher than for Channel 2, where
it amounts to 0.72 W. These observations indicate that besides
the pump incoupling position, the pump power is another de-
gree of freedom to dynamically switch between single- and dual-
channel Q-switching, even with different pulse characteristics for
each operation mode. The variety of demonstrated passively Q-
switched pulse trains and their controllability based on a widely
tunable beam-splitting ratio is a novel Q-switching phenomenon
observed in a 9-mm-long graphene embedded BS Yb:YAG WG
laser with single pumping scheme.

4. Conclusion

Dynamic single- and dual-channel graphene Q-switching in an
Yb:YAG fs-DLW BS WG laser was demonstrated by tuning the
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position of the pump beam with respect to the input channel
of the BS WG and by changing the pump power level. Control-
ling the laser output power splitting ratio between Channel 1 and
Channel 2 from 5:95 to 85:15 facilitates controlling the interact-
ing power with the graphene SA, enabling the selective formation
of Q-switched pulses by a specific channel. Consequently, it pro-
vides an efficient manner to dynamically switch the pulsed oper-
ation between single- and dual-channel Q-switching. Graphene
is a suitable and robust material to be integrated as a SA into a
compact monolithic WG cavity without an output coupler and to
achieve both Q-switched operation modes demonstrated in this
study. The single-channel Q-switching with the highest output
power generates pulses with a repetition rate of 3.02 MHz and a
pulse duration of 42 ns. In dual-channel Q-switching, the com-
bination of two different types of pulse trains reveals the pulse-
formation characteristics initiated separately from both channels
only by single pump source. In addition, by changing the pump
power, the Q-switching performance was analyzed in both pulsed
regimes.

The obtained results suggest that the BS WG lasers can be
further developed to realize GHz-repetition-rate mode-locking
and on-chip dual-comb sources. The dual-channel Q-switched
BS WG laser with potential power scaling!?®! is advantageous
to optical communication systems owing to its multiple modes
that increase the capacity to meet the enhanced demands of data
processing.[223% The BS Yb:YAG WG with an output channel sep-
aration of 162 um also makes these devices suitable for efficient
connection to optical fibers. The fs-DLW BS WG platform may
also have potential applications in multiple-channel pulsed lasers
with only a single-pumping source.
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