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A femtosecond-laser inscribed Yb:YAG surface channel waveguide (WG) laser with single-walled 
carbon nanotubes deposited on the top surface of the WG was passively Q-switched by evanescent field 
interaction. Q-switched operation of the 14-mm-long compact Yb:YAG WG laser was achieved near 
1031 nm with two different pumping schemes (single- and double-pass pumping) with an output cou-
pling transmission of 91%. The Q-switched pulse characteristics depending on the absorbed pump pow-
er were investigated for both pumping geometries and analyzed in detail based on theoretical modeling. 
The best performances (energy/pulse duration) for each configuration were 204.4 nJ/75 ns at a repetition 
rate of 1.87 MHz, and 201.1 nJ/81 ns at 1.75 MHz for single- and double-pass pumping, respectively.
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I. INTRODUCTION

Embedding channel waveguide (WG) structures within a 
laser gain medium has become a powerful working strategy 
for miniaturizing solid-state lasers [1, 2]. Optical waveguid-
ing enables high intracavity pump intensity and excellent 
overlap between the pump light and the laser mode, leading 
to highly efficient laser operation with a low lasing thresh-
old. To fabricate channel WGs inside a transparent dielec-
tric material, femtosecond direct laser writing (fs-DLW) has 
turned out to be one of the most reliable techniques. The fs-
DLW is a lithography and etch-free process and capable of 
manufacturing permanent 3-dimensional complex photonic 
components in straight and curved shapes [3–5]. In the de-
velopment of high power compact laser systems, the use of 
ytterbium ions (Yb3+) as an active dopant in the 1 µm spec-
tral range has increased, because of its low quantum defect 

and corresponding low heat generation. In particular, Yb3+-
doped Y3Al5O12 (YAG) crystals exhibit large absorption and 
emission cross sections and excellent physical properties 
allowing for the inscription of low-loss WGs by fs-DLW. 
These benefits make them a suitable gain medium for chan-
nel WG lasers for both continuous-wave (CW) [2, 6] and 
pulsed operation [7–10].

In recent years, low-dimensional nanocarbons such as 
single-walled carbon nanotubes (SWCNTs) and graphene 
have been recognized as attractive saturable absorb-
ers (SAs), whose distinctive linear and nonlinear optical 
properties provide practical benefits. They offer intrinsic 
broadband nonlinear absorption, ultrafast response times 
and relatively simple fabrication processes that can be flex-
ibly controlled. In particular, their various application types 
make it easy to integrate them in diverse laser systems. 
For example, nanocarbon-based SAs have been success-
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fully employed in Yb3+-doped WG lasers for Q-switched or 
mode-locked operation based on direct- [7, 8, 10–15] and 
evanescent-field interaction [16–19].

The pumping scheme is a critical factor for the pump 
absorption efficiency and thus the laser performance. It 
can vary with the laser cavity configuration by changing 
the position of end mirror and output coupler. In a single-
pass (co-propagating) pumping geometry the pump light 
not absorbed after one pass through the gain medium is 
lost through the output coupling mirror, while in a double-
pass pump scheme, the residual beam is reflected back into 
the gain medium (counter-propagating pumping), ensur-
ing the higher absorption efficiency through the additional 
pass. As demonstrated in previous studies, double-pass 
pumping plays an important role for optimizing the laser 
performance and can be particularly beneficial for quasi-
three-level lasers and for gain media which possess low 
absorption cross sections [20–24]. 

Due to their quasi-three-level laser scheme and corre-
sponding absorption at the laser wavelength, Yb3+-doped 
gain media tend to exhibit higher laser thresholds than laser 
materials relying on four-level laser schemes. Double-pass 
pumping helps to increase the entire pump intensity, lead-
ing to increased population inversion density and reduces 
the pump power required to reach the laser threshold. No-
tably, the WG laser is a beneficial architecture for double-
pass pumping with high pump intensity, because the unused 
pump can be directly back-reflected at an end mirror at-
tached to the WG end-facet. In addition, the output laser 
beam can be extracted in the forward or backward direction 
depending on the pumping scheme, making it a flexible 
strategy for compact laser systems. Therefore, a systematic 
study on pumping geometries is highly desired for Yb3+-
doped WG lasers. 

In this work, we report the first evanescent-field Q-
switched Yb:YAG WG lasers and analyze their laser perfor-
mance, depending on the pumping scheme for Q-switched, 
as well as for CW operation. SWCNTs were deposited on 
the top surface of the channel WG for evanescent field cou-

pling with the guided laser beam. The Q-switched laser cav-
ities for the two pumping strategies consist of a SWCNT-
SA-coated fs-DLW Yb:YAG WG and a highly-reflective 
(HR) mirror that is directly attached to the end facets of the 
WG. This is the simplest cavity design for evanescent-field 
Q-switched WG lasers ever reported. The characteristics of 
the Q-switched pulses with different pump schemes were 
investigated by comparing with theoretically analyzed re-
sults.

II. EXPERIMENTAL PREPARATIONS AND SETUP

The channel WG was fabricated by fs-DLW inside a 7 
at.% Yb3+-doped YAG gain crystal using 150 fs pulses from 
a 1 kHz Ti:sapphire chirped pulse amplifier centered at a 
wavelength of 775 nm (CPA-2010, Clark-MXR, Inc.). The 
pulses were focused just below the polished surface of the 
crystal using an aspheric lens (f=3.1 mm) with an incident 
pulse energy of ~40 µJ. The height of the inscribed tracks is 
about 20 µm, correspondingly, the center of the WG struc-
ture is located ~10 µm below the surface. Double-lined 
tracks (WG based on Type-2 index modification [1]) were 
scanned by moving the crystal on a motorized translation 
stage at a vertical speed of 25 µm/s with a superimposed 
sine oscillation (amplitude of 2 µm and oscillation frequen-
cy of 70 Hz) for a large refractive index contrast [2]. The 
surface channel WG was inscribed with two tracks with a 
separation of 25 µm as shown in the optical microscope 
image in Fig. 1(a). The WG length was 14 mm and both 
polished WG end-facets were uncoated. 

To fabricate the evanescent-field interactive SAs for pas-
sive Q-switching of the Yb:YAG surface channel WG, arc-
discharged SWCNTs (Meijo Carbon Co., Ltd) whose E22 in-
terband transitions show a broad absorption near 1 µm were 
utilized as the SA material. The SWCNT powders were 
dissolved in 1,2-dichlorobenzene (o-DCB) at a concentra-
tion of 0.5 mg/ml and well-dispersed with a surfactant in 
an ultrasonicator for several hours. The SWCNT solution 
was then centrifuged to remove impurities and remaining 

FIG. 1. Experimental laser systems. (a) Optical microscope image of the surface channel WG with a track separation of 25 µm, and 
a schematic setup of the surface-coated SWCNT-SA Q-switched Yb:YAG WG lasers pumped in (b) single and (c) double pass.
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large clusters of nanotubes. The centrifuged solution was 
subsequently mixed with a separately prepared polymethyl 
methacrylate (PMMA, Polymer Source, Inc.) solution (100 
mg/ml in o-DCB). The SWCNT/PMMA composite solu-
tion was finally deposited on the top surface of the Yb:YAG 
WG by drop-casting and then dried. The thickness of the 
deposited SWCNT/PMMA film was estimated to be about 
15 µm.

The experimental setups for the Q-switched Yb:YAG 
WG lasers with different pumping geometries are shown 
in Figs. 1(b) and 1(c). The pumping source was a tapered 
amplified diode laser (TA pro, Toptica Photonics, Inc.) op-
erating at 969 nm with a good beam quality of M2 < 2.0 and 
a maximum output power of 2.5 W. In the laser operation 
the pump beam passes through a half-wave plate, polarizer 
and another half-wave plate to manage the incident pump 
power and polarization. The linearly p-polarized pump 
light is focused onto the WG front facet using an f=15 mm 
plano-convex lens. The SWCNT-SA coated Yb:YAG WG is 
mounted on a multi-axis stage without any cooling element. 
In both pumping schemes, a dielectric mirror highly reflect-
ing (HR) at the laser wavelength is employed and directly 
attached parallel to the WG facet. The Fresnel reflections 
from the other end facet of the WG (R~9%) provide enough 
feedback to enable laser operation owing to the high optical 
gain of the Yb:YAG, resulting in a ~91% output coupling 
ratio of the WG laser. 

The passively Q-switched lasers consisted of a SWCNT-
SA coated Yb:YAG WG and a HR end mirror, being the 
simplest cavity design for evanescent-field Q-switched WG 
lasers ever demonstrated. The cavity length was about 14 
mm, which corresponds to the WG length. 

III. RESULTS AND DISCUSSION

Prior to depositing the SWCNT-SA on the top surface 
of the WG, CW laser operation was investigated in the two 
pumping schemes. The co-propagation pumped WG laser 
emits in the forward direction and the measured pump ab-
sorption under the lasing condition was 96.6%. In the coun-
ter-propagating (double-pass pumping) scheme the residual 
pump that is not absorbed in the first pass can be reused for 
absorption in the gain medium. The pump absorption in this 
case was calculated to be 99.9%. The double-pass pumped 
WG laser uses a dichroic mirror under an angle of 45° 
which is highly transparent (HT) at the pump wavelength 
and HR at the laser wavelength, to couple out the laser 
emission in the backward direction. The higher absorption 
efficiency in the double-pass pumping scheme results in 
higher laser output power for the same initial incident pump 
power. The advantage of this pumping scheme would be-
come even more evident when using thinner samples with 
lower single-pass absorption and thus enable more compact 
monolithic Q-switched WG lasers.

For better comparison, the graphs presented in this work 
are plotted versus total absorbed pump power, regardless of 

single- or double-pass pumping. The measured CW laser 
performance in the two different configurations is shown in 
Fig. 2(a). For the calculation of the absorbed power, the in-
cident pump power measured before the focusing lens was 
corrected by the lens’ transmission and the Fresnel losses at 
the WG incoupling facet before it was multiplied by the ab-
sorption efficiency of the WG under lasing conditions. The 
slope efficiencies were measured to be 30.2% and 31.0% 
for the single- and double-pass pumping schemes, respec-
tively, at maximum output powers of more than 400 mW in 
both cases.

The experiments on Q-switched WG laser operation 
were performed after the SWCNT-SA was deposited on 
the top surface of the WG. Q-switched operation based on 
evanescent field interaction was easily achieved without 
any special alignment. The measured output powers plot-
ted in Fig. 2(b) show similar slope efficiencies of ~26% for 
the single- and double-pass pumping schemes, respectively. 
Compared to the output power in CW operation, the drop in 
average output power of the Q-switched lasers is remark-
ably low and both lasers achieve more than 350 mW. This 
is attributed to the low SA insertion loss from the surface-
coated SWCNTs, leading to efficient Q-switched operation.

The Q-switched laser emission spectra recorded for 
each pumping scheme are shown in Fig. 3. The spectra are 
centered near 1031 nm with the spectrum of the double-
pass pumping being located at a slightly shorter peak wave-
length. This is mainly caused by different cavity alignments 
in both pumping cases. 

The measured laser beam profiles show a well-defined 
fundamental mode in both cases, as shown in Fig. 3 (inset). 
The fundamental laser mode confinement inside the sur-

FIG. 2. Measured laser output powers of the (a) CW and (b) 
Q-switched operation with single-and double-pass pumping.
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face channel WG was verified using the calculated electric 
field distribution (Fig. 4). The electric field distribution 
was solved numerically based on electromagnetic wave 
equations using the finite element method for the given 
two-dimensional structure with refractive index profiles. A 
side-view of the SWCNT-SA-coated Yb:YAG WG is sche-
matically illustrated in Fig. 4(a). Figure 4(b) shows the nor-
malized electric field distribution along the vertical cross 
section of the guided spatial single mode. The magnitude 
of the electric field in the top-surface-coated SWCNT SA 
is about 2.7%, which is sufficient to initiate passively Q-
switched operation.

The Q-switched pulse characteristics were measured for 
both pumping schemes versus the absorbed pump power, as 
summarized in Fig. 5. The overall tendencies follow those 
of a typical fast-SA Q-switched laser operated in the satu-
rated absorber regime. The pulse repetition rate increases 
up to 1.87 MHz and 1.75 MHz at the maximum pump 
power, for the single- and double-pass pumping geometries, 
respectively. The stable pulse trains shown in Figs. 6(a) and 
(b) exhibit pulse-to-pulse intensity fluctuations in the order 
of 10%. The pulse duration decreases down to the shortest 

pulses of 74.6 ns and 81.0 ns at the maximum pump power 
for the single- and double-pass pumping, respectively, as 
shown in Figs. 6(c) and 6(d). The maximum pulse peak 
powers were calculated to be on the order of 2.5 W, and the 
corresponding single pulse energies amounted to 0.2 µJ in 
both cases.

The experimentally obtained pulse characteristics were 
then compared with the theoretical analyses for passive 
Q-switching. The theoretical modeling of the passive Q-
switching was based on numerical solutions of the rate 
equations for a quasi-three-level gain material with a fast 
SA, including intensity-dependent nonlinear absorption 
[25]. The results of the absorbed pump-power-dependent 
theoretical analysis are plotted in Fig. 5 as dotted and 
dashed lines for single- and double-pass pumping schemes. 
The numerically solved nonlinear coupled differential equa-
tion is the time differential of the intracavity laser intensity 
and the population of the upper laser state. Here, we took 
into account the doubled length of pump absorption for the 
double-pass pumping case. 

For evanescent field interaction, it is generally not 
straightforward to experimentally measure the nonlinear 
absorption parameters of the surface-coated SA. Thus, we 
solved the theoretical model using qualitatively estimated 
SA parameters, reasonable for the experimentally achieved 
results. In the constructed model, taking a modulation depth 
of 0.4% and a nonsaturable loss of 1.8% into account, the 
pulse characteristics tend to be fairly similar to the experi-
mental results for both cases. From these results, we are 
able to predict that the evanescent field interaction between 
the SWCNT-SA coated on the WG and the guided beam 
acquires a modulation depth of approximately 0.4% for the 
entire propagation of the WG, which is sufficient for Q-
switched operation. The acceptable discrepancy between 
theoretical results and experiments might be attributed to 
the surface WG structures and additional losses like scatter-

FIG. 4. Calculation of fundamental laser mode confinement. (a) Calculated electric field distribution on the SWCNT-SA coated 
Yb:YAG surface channel WG and (b) its vertical cross-section view at the electric field maximum.

FIG. 3. Laser emission spectra measured in Q-switched 
operation for single- and double-pass pumping (inset: beam 
profiles).



Current Optics and Photonics, Vol. 5, No. 2, April 2021184

ing in the cavity.

IV. CONCLUSION

We demonstrated the Q-switched operation of SWCNT-
SA-coated compact Yb:YAG surface channel WG lasers 
based on evanescent field interaction for the first time. The 
Q-switching characteristics were investigated for both co-
propagating (single-) and counter-propagating (double-pass 
pumping) configurations. The surface-coated SWCNT-SA 
provides low insertion losses and stable Q-switched opera-
tion. From the 14-mm-long cavity with an output coupling 
transmission of 91%, the evanescent-field Q-switched WG 
lasers generated pulse trains with best pulse performances 
(energy/duration) of 204.4 nJ/75 ns at a repetition rate of 
1.87 MHz and 201.1 nJ/81 ns at 1.75 MHz for the single- 
and double-pass pumping, respectively. The experimental 
results were systematically analyzed for both cases by com-
paring them with theoretical modeling. Yb:YAG is a very 
suitable gain medium to realize efficient WG lasers with 
a compact cavity design, thanks to its high absorption and 
emission cross sections. We believe that our results, provid-
ing a comparative analysis of different pumping strategies 
in compact Q-switched WG lasers, and an efficient evanes-
cent field interaction scheme for stable pulsed operation, 
can be beneficial to the further development of different 
types of compact pulsed lasers.
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peak power (dots, experiments; lines, theoretical fits).

FIG. 6. Observed pulses in the time domain. (a, b) Q-switched pulse train and (c, d) the shortest pulses measured at the maximum 
output power for single- and double-pass pump schemes.
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