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Abstract: We demonstrate GHz-repetition rate mode-locked operation of a femtosecond-
laser-inscribed Yb:YAG channel waveguide laser using single-walled carbon nanotube 
saturable absorber mirror (SWCNT-SAM). A 6.3-mm-long, type II Yb:YAG waveguide laser 
with an extended cavity configuration delivers mode-locked picosecond (ps) pulses at GHz 
repetition rates. The dispersion of the laser cavity is compensated by the combination of a 
multi-functional output coupler and the Gires-Tournois interferometer (GTI) effect arising 
from an air-gap between the facet of the waveguide and the output coupler. The incident 
beam fluence on the SWNCNT-SAM is controlled by adjusting two intracavity lenses to 
avoid optical damage on the polymer nanocomposite matrix containing the SWCNTs. The 
average output power of our mode-locked waveguide laser is 322 mW at a pump power of 3.2 
W. Nearly Fourier-limited, stable 2-ps-short pulses are generated at a repetition rate of 2.08 
GHz. 
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1. Introduction 
Compact pulsed waveguide lasers are interesting for diverse application areas. Particularly, 
waveguides in Yb3+-doped crystals possess advantages over those in other materials. Besides 
the well-known properties of Yb3+-doped materials emitting in the 1 μm spectral region such 
as broad gain bandwidth, high Stokes efficiency and low thermal load, they also provide 
higher absorption and emission cross sections as well as superior thermal properties and 
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damage thresholds compared to glass waveguides [1]. Among the various methods for 
manufacturing crystalline waveguides as laser gain media, the fs-laser inscription is one of the 
most successful techniques [2,3]. Waveguides written by a fs-laser are classified in different 
types. In this work, we fabricated type II waveguides, where two parallel tracks are inscribed 
into the gain media using fs laser pulses [1]. Between these tracks, waveguiding is enabled by 
stress surrounding the inscribed tracks inducing an increased refractive index in their 
surroundings. This mechanism allows for a strong confinement of the waveguide mode in the 
center between the two tracks with a separation of few tens of micrometers. Based on this fs-
laser inscription scheme, highly efficient continuous wave fundamental mode laser operation 
[4,5] and high-power amplification of femtosecond laser [6] have been successfully 
demonstrated in few mm-long monolithic Yb3+-doped channel waveguides. 

In recent years, mode-locked operation of waveguides has been demonstrated by 
employing saturable absorbers (SAs) including semiconductor saturable absorber mirrors 
(SESAMs) [7–11] and low-dimensional carbon nanostructures [12,13]. Although the SESAM 
is a widely applied saturable absorber, the low-dimensional materials including single-walled 
carbon nanotubes (SWCNTs), graphene and 2D materials are also frequently used for 
initiating mode-locked and Q-switched pulses in various laser systems including waveguide 
lasers [12–25]. Inherent fast response times in the few-picosecond range or even below, 
nonlinear absorption in a broad spectral range and relatively simple fabrication processes 
make these materials a cost-effective alternative for SAs applicable for waveguide lasers. 
Furthermore, they have the potential to facilitate mode-locking of compact laser systems at 
multiple GHz repetition rates up to 19.5 GHz [25–29]. However, mode-locked waveguide 
lasers using graphene SAs are rarely reported [14,15], and mode-locking of waveguide lasers 
by carbon nanotubes has not been demonstrated, yet. 

In this work, we demonstrate the first Yb:YAG channel waveguide laser mode-locked by 
using a SWCNT-SAM. The cavity dispersion is carefully managed by a multifunctional GTI-
coated output coupling mirror with a thin air-gap between the piezo-driven multifunctional 
mirror and the end facet of waveguide. The SWCNT-SA is spin-coated onto a dielectric 
mirror and the laser consists of an extended cavity with two lenses to control the fluence on 
the SAM. The few millimeter-long channel waveguide laser generates stable and nearly 
Fourier-limited 2-ps pulses at a repetition rate of >2 GHz with an average output power 
exceeding 300 mW in an extended cavity configuration. 

2. Fabrication of channel waveguide and saturable absorber 
The channel waveguide is fabricated inside a 7% Yb3+-doped YAG crystal by the fs-laser 
inscription technique. The pulsed laser source used for the inscription is a 1-kHz Ti:sapphire 
chirped pulse amplifier (CPA) system with a center wavelength of 775 nm. The details of the 
waveguide inscription are described in [4,5]. Using an aspheric lens the 150-fs pulses from 
the CPA system are focused into the crystal about 350 μm below the polished surface of the 
crystal. Each waveguide consists of two parallel tracks (type II) with separations between 20 
and 28 μm [1]. The linear translation with a velocity of 25 µm/s of the crystal through the 
focus is superimposed by a perpendicular sine oscillation with an amplitude between 2 and 4 
μm at a frequency of 70 Hz. This approach increases the refractive index change due to the 
inscribed tracks and yields a better light confinement in the waveguide. The end facets of the 
waveguide are polished parallel to each other to form a Fabry-Pérot resonator. The continuous 
wave (cw) waveguide laser operates very efficient without the use of dielectric mirrors [4,5]. 
In this study, one of the waveguide end-facets is slightly wedged by 22° to suppress feedback 
from the end-facets, which would lead to laser operation from the waveguide itself. This 
wedge also contributes to preventing mode-locking instabilities in the extended cavity 
configuration due to residual reflections at the intracavity facets. 

The SA used for the channel waveguide laser mode-locking experiments is fabricated 
from the arc-discharged SWCNT powder (Meijo Nano Carbon Co., Ltd), which exhibits a 
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broadband absorption extending over the 1 and 2 μm spectral region. The SWCNT powder is 
dispersed in an organic solvent with a surfactant and mixed with poly(methyl methacrylate) 
(PMMA). The SWCNT/PMMA dispersion is dripped onto a dielectric mirror and a few 
hundreds of nanometers thin film is deposited on the dielectric mirror using spin-coating. 
Since linear and nonlinear optical properties of SWCNT-SA are strongly influenced by the 
SWCNT concentration and the film thickness, we coated the dielectric mirror several times 
with a dispersion with a comparably low CNT concentration to optimize the saturable 
absorption properties for efficient and stable waveguide laser mode-locking around 1 μm. The 
final SA exhibits about 2.5% of linear absorption near the laser operation wavelength. The 
nonlinear absorption behavior is similar to previous results described in [30], and comparable 
to that of the SESAM applied for few-GHz-repetition waveguide laser mode-locking [7]. 

3. Experimental results 

 

Fig. 1. Schematic of the SWCNT-SA mode-locked Yb:YAG channel waveguide laser. λ/2: 
half-wave plates; DM: dichroic mirror; L: convex lens with f = 30 mm; OC: multifunctional 
GTI-coated 5% output coupler mirror, piezo-controlled; L1 and L2: aspheric lenses with f = 
3.1 mm and 11 mm, respectively. 

 

Fig. 2. (a) Average output power of the cw waveguide laser with a HR mirror instead of the 
SWCNT-SAM, (b) optical spectrum and (c) Q-switched pulse train evolution of the waveguide 
laser with increasing pump power. 

The SWCNT mode-locked channel waveguide laser setup is depicted in Fig. 1. A high 
brightness (M2 < 2) optically-pumped semiconductor laser (OPSL), tuned to a wavelength of 
969 nm is used as a pump source. A pair of half-wave plates are installed in front and behind 
an optical isolator to ensure the polarization state of the pump beam being parallel to the y-
axis. The linearly p-polarized pump beam is focused onto the end-facet of a 6.3-mm-long 
Yb:YAG channel waveguide with a f = 30 mm lens (L) through a multifunctional mirror. This 
mirror is highly transparent for the pump wavelength and at the same time acted as a 5% 
output coupler (OC) for the laser wavelength. Moreover, the mirror has a GTI coating with a 
total group delay dispersion (GDD) of −1300 fs2 to compensate the dispersion of the pulse in 
the cavity. This multifunctional mirror is mounted on a piezo-controlled translation stage. In 
this way, we are additionally able to control the dispersion in the laser cavity by utilizing the 
GTI effect of the thin air-gap between the OC and the facet of the waveguide. The extended 
cavity of the waveguide laser contains two aspheric lenses with focal lengths of 3.1 mm and 
11 mm, respectively. The laser mode diameter on the SWCNT-SAM is controlled by 
changing the position of these lenses to reach a sufficient fluence for allowing stable mode-
locking while keeping the necessary fluence for saturable absorption low to prevent optical 
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damage. The total cavity length of the laser with an extended cavity configuration amounts to 
64 mm. 

When the SWCNT-SAM is replaced by a HR mirror, the laser operates in the cw regime 
with a laser threshold pump power of 43 mW. In this case, the maximum average output 
power is measured to be 410 mW at a pump power of 2.85 W. Although the cw waveguide 
laser can operate at significantly higher pump powers [4,5], in the subsequent mode-locking 
experiments, we used the pump power only up to ~3 W to prevent possible damage of the SA. 
The slope efficiency in cw operation operating near 1030 nm is 15.2%, as shown in Fig. 2(a) 
and Fig. 2(b). This efficiency is significantly lower than the typical efficiency of monolithic 
cw fs-laser inscribed Yb:YAG waveguide lasers. This is mainly attributed to the high losses 
at the wedged waveguide facets about 1 dB/cm and the additional losses through the 
intracavity lenses and incoupling losses at the wedged interface of the waveguide. Hence, the 
low output coupling transmission leads to a low resonator extraction efficiency. 

 

Fig. 3. Characteristics of the mode-locked Yb:YAG channel waveguide laser using SWCNT-
SAM. (a) Average output power vs. incident pump power at 5% OC, (b) pulse train, (c) 
autocorrelation trace and sech2 fit (red curve), and (d) optical spectrum of the mode-locked 
pulses. 

 
For the mode-locking experiment we used the SWCNT-SAM. At pump powers below 1.8 

W, the waveguide laser operates in the cw regime when the air-gap between waveguide laser 
and the output coupler is kept constant. By aligning the air-gap distance, the laser operation 
regime can be switched from cw to Q-switching or Q-switched mode-locking. In this way, 
stable Q-switched pulses are obtained at pump power levels between the lasing threshold of 
59 mW and 1.8 W. It should be noted that the laser operates preferably in the Q-switched 
mode-locking regime rather than Q-switching at the pump powers between 1 W and 1.8 W 
when the air-gap distance is carefully adjusted [Fig. 2(c)]. 

Mode-locking of the waveguide laser starts at pump powers above 1.8 W when the air-gap 
distance between the piezo-controlled OC mirror and the Yb:YAG crystal was precisely 
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realigned. The average output power in mode-locked operation amounts to 322 mW at a slope 
efficiency of 11.3% at the highest incident pump power of 3.1 W, which is slightly lower than 
that in the cw regime [Fig. 3(a)]. In all cases the mode profile remained circular indicating 
fundamental mode operation. Up to this pump power level, no damage of the SA layer is 
observed. Thanks to the low saturation fluence of the SWCNT-SAM of only few tens of 
μJ/cm2, the mode-locking of the laser is stable even at an intracavity beam diameter on the 
saturable absorber of more than 100 μm. However, above 3.1 W of the pump power, the 
surface of the SWCNT/PMMA layer is slightly deformed due to heat accumulation inside the 
polymer matrix, which hinders stable mode-locked pulse generation. To avoid this 
phenomena, we plan to actively cool the polymer-based SA in future experiments and to 
control the intracavity beam waist more precisely. The repetition rate of the mode-locked 
laser is measured to be 2.08 GHz [Fig. 3(b)] which corresponds to a total cavity length of 64 
mm taking into account the refractive indices of the 6.3-mm-long Yb:YAG waveguide, the 
lenses and the SA. Figure 3(b) shows the stable pulse train in a 40-ns time span. In wider time 
spans of the oscilloscope we could not observe any Q-switching instabilities. The mode-
locked pulse characteristics are shown in Fig. 3(c) and Fig. 3(d). The autocorrelation trace in 
Fig. 3(c) indicates a pulse width of 1.89 ps assuming sech2-pulses. Figure 3(d) shows the 
corresponding optical spectrum centered at 1030.5 nm with a spectral bandwidth of 0.65 nm 
leading to a time-bandwidth product of 0.349, close to the Fourier limit. This value is only 
slightly above the theoretical limit of 0.315, indicating that the combination of the dispersive 
coating of the OC and the precise alignment of the air-gap allows for a fairly good dispersion 
control. 

4. Conclusion 
In conclusion, we demonstrate a fs-laser-written crystalline Yb:YAG channel waveguide 
laser, mode-locked by employing SWCNTs as saturable absorber. To the best of our 
knowledge, these results represent the first mode-locked Yb3+-doped waveguide laser based 
on SWCNTs and the highest repetition rate in any extended waveguide laser configuration. 
Precise alignment of a piezo-controlled thin air-gap between the GTI-coated output coupling 
mirror and the end-facet of the waveguide allows for a fine tuning of the laser cavity 
dispersion. The resulting pulse duration of 1.89 ps is only slightly longer than that of the 
Fourier-limited pulse. Further optimization of waveguide length and configuration, absorber 
parameters and dispersion management makes us possible to generate much shorter pulses in 
fs regime, which can be applied for frequency combs at GHz repetition rates. The results 
show that low-dimensional carbon nanostructures such as SWCNTs are promising materials 
for pulsing monolithic waveguide lasers, delivering ultrashort pulses at multiple GHz 
repetition rate. Direct coating of the SA on the facet of the waveguides, which we have 
demonstrated previously [22], should be an even better approach to achieve a true monolithic 
laser mode-locking with precise cavity dispersion management. 
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