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Nanosheets of bismuth telluride (Bi,Te;), a topological insu-
lator material that exhibits broadband saturable absorption
due to its non-trivial Dirac-cone like energy structure, are
utilized to generate short pulses from Tm:ZBLAN waveguide
lasers. By depositing multiple layers of a carefully prepared
Bi,Te; solution onto a glass substrate, the modulation depth
and the saturation intensity of the fabricated devices can be
controlled and optimized. This approach enables the realiza-
tion of saturable absorbers that feature a modulation depth
of 13% and a saturation intensity of 997 kW/cm?. For the
first time to our knowledge, Q-switched mode-locked oper-
ation of a linearly polarized mid-IR ZBLAN waveguide chip
laser was realized in an extended cavity configuration us-
ing the topological insulator Bi,Te;. The maximum average
output power of the laser is 16.3 mW and the Q-switched
and mode-locked repetition rates are 44 kHz and 436 MHz,
respectively.

1 Introduction

Mode-locked integrated mid-IR waveguide lasers with
ultrashort pulse duration, high peak power, and high rep-
etition rates are of great interest for a variety of applica-
tions like surgery, spectroscopy or pollution monitoring.
In particular, the mid-IR water absorption peaks around
2 um and 3 um are extensively utilized in medical ap-
plications that require precise and minimally invasive
procedures. In these cases the laser must induce a min-
imum of collateral thermal and photomechanical dam-
age, which can be minimized by utilizing ultrashort laser
pulses and by selecting specific laser wavelengths [1].
In addition, mode-locked lasers with ultrashort pulse
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duration and thus high peak power can be used for
the generation of broadband emission in the mid-IR (2—
10 um) via supercontinuum generation [2]. As the vast
majority of molecules exhibit highly specific absorption
lines in this spectral “fingerprint” region, such lasers are
ideal sources for applications such as pollution monitor-
ing, LIDAR (Light Detecting and Ranging) as well as med-
ical diagnostics [3-5].

Since waveguide lasers are embedded within a small
block of gain material, they are inherently robust and
immune to environmental fluctuations. Moreover, due
to their small mode volumes, low lasing thresholds can
be achieved. Thus, integrated waveguide chip laser ar-
chitectures have been extensively studied in the past in
rare-earth doped glasses [6, 7], ceramics [8, 9], and crys-
tals [10, 11]. ZBLAN (ZrF,-BaF,-LaF;-AlF;-NaF) glass has
been identified as an excellent host material for mid-
infrared (mid-IR) application due to its excellent broad-
band transmission ranging from 250 nm to 7 um as well
as high solubility for rare-earth ions [12]. Up to date, high
slope efficiency continuous wave (CW) lasers [7] as well
as actively and passively Q-switched lasers [13, 14], op-
erating at laser wavelengths ranging from 1 - 3 um, have
been successfully demonstrated by inscribing depressed
cladding waveguides into rare-earth doped ZBLAN glass
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chips [15-17]. The potential for incorporating narrow-
band Bragg-gratings as wavelength-selective elements
into those chip lasers has also been investigated [18].

Passive mode-locking techniques have many ad-
vantages over active schemes that require active cav-
ity length stabilization as well as bulky acousto-optic
or electro-optic modulators. Up to now, passively
mode-locked waveguide lasers have been demonstrated
in rare-earth doped glasses and crystals using semicon-
ductor saturable absorber mirrors (SESAMs) [19-22], car-
bon nanotubes [23, 24], and graphene [25-27] as sat-
urable absorbers (SAs) in the near infrared (1 - 1.5 um)
range. Recently, Ren et al. reported Q-switched mode-
locked operation of a waveguide laser at 2 um wave-
length using graphene [28].

In the last few years, topological insulators (TIs) have
emerged as a promising candidate for broadband sat-
urable absorbers. These topological insulators (TIs) ex-
hibit surface/edge states that are metallic, strongly dis-
persive and cross the entire bulk insulating gap (29, 30].
Their Dirac cone-like electronic band structure is sim-
ilar to that of graphene [31] and thus topological in-
sulators exhibit broadband saturable absorption due to
Pauli blocking under strong illumination. Bismuth tel-
luride (Bi,Tes) has theoretically [32] and experimentally
[33] been found to be a three-dimensional topological
insulator material with a surface state that consists of a
single nondegenerate Dirac-cone with a bulk energy gap
of 0.17 eV [33, 34]. A single photon with a wavelength
shorter than 7.5 um (0.17 €V) can thus excite an electron
from the valence band to the conduction band, while
photons with wavelengths larger than 7.5 um can excite
one electron from the conduction band to surface/edge
states. Interband scattering between excited bulk con-
duction band states and surface/edge states results in a
quasi-equilibrium condition on a timescale of 500 fs [35].
This means that Bi,Tes is an excellent candidate for use
as a fast saturable absorber. Previously, passive mode-
locking has been demonstrated in bulk and fiber lasers
using Bi,Tes [36-46], as well as its T1I siblings Bi,Se; [47,
48] and Sb,Tes [49, 50] at various wavelengths ranging
from the near to the mid-IR, by means of end facet cou-
pling, perpendicular insertion into the laser resonator,
or evanescent field interaction. However, mode-locked
pulse generation using topological insulators in waveg-
uide lasers has not been reported yet.

In this work, waveguides were inscribed into thulium-
doped ZBLAN glass via the femtosecond laser direct-
write technique [51] and Bi,Te; samples with different
concentrations were utilized as saturable absorbers in
an external cavity. For the first time to our knowledge,
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Q-switched Mode-Locked (QML) operation of a mid-
IR ZBLAN waveguide chip laser was demonstrated us-
ing topological insulators. The maximum average output
power of the laser is 16.3 mW and the Q-switched and
mode-locked repetition rates are 44 kHz and 436 MHz
respectively. This highlights the potential of topological
insulators as novel saturable absorber materials for fully
integrated waveguide chip lasers.

2 Fabrication of waveguides and Bi,Te;
saturable absorbers

Depressed cladding waveguides [18] were inscribed into
Tm:ZBLAN glass samples (with a doping concentra-
tion of 3mol.% TmF3) by the femtosecond laser direct-
write technique using an ultrafast Ti:sapphire oscillator
(Femtolasers GmbH, FEMTOSOURCE XL 500, 5.1MHz,
550 nJ, 50 fs). Initiated by nonlinear absorption of the
high-intensity femtosecond laser pulses, a larger fraction
of single bridging fluorine bonds relative to double bridg-
ing bonds are formed during the laser inscription process
compared to the pristine glass. This resulting in a local
rarefaction and a negative refractive index change in the
ZBLAN glass [52]. The resulting index change between
core and cladding is —1 x 1073 to —1.5 x 1073 [7] and
the core diameter and length of the waveguides used in
our experiments are 50 um and 12 mm, respectively. One
end of the waveguide chip was cut at Brewster’s angle to
permit the set up of an external cavity.

Stoichiometric Bi,Te; nanosheets were synthesized
by the hydrothermal interaction/exfoliation approach
[41]. The Bi,Tes; nanosheets were then dissolved in
de-ionized water because isopropanol or acetone re-
acts with PVA resulting in PVA aggregation. The Bi,Tes
nanosheets were subsequently dissolved in de-ionized
water with a concentration of 1 mg/ml and ultrasoni-
cated for 2 hours. Solid white PVA was also dissolved in
de-ionized water with a concentration of 100 mg/ml and
water-bath heating for 2 hours at 100°C. The 1 mg/ml
Bi, Tes solution was then mixed with the 100 mg/ml PVA
solution at a ratio of 2:1, and ultrasonicated for 2 hours
to be used as a spin coating precursor. To obtain differ-
ent Bi,Te; concentrations on 170 um thick UV fused sil-
ica glass substrates, multiple layers of solution were spin
coated on the glass substrates, increasing from 5 to 15
layers, all with the same fabrication procedures: 400 rpm
for 15 s, and 1200 rpm for 15 s, followed by heating for
30 s on an 80 °C clean thermostatic plate. Homogenous,
precisely concentration controlled and repeatable Bi, Tes
SA samples could be prepared following this recipe.
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Figure 1 a) Absorption spectrum of pure PVA and of 15 layers of Bi,Te; dissolved in PVA deposited on a 1 mm fused silica glass substrate
(referenced to a clean glass substrate). The insert shows a brightfield image of a Bi,Te; SA sample taken with an optical microscope (40x

objective). b) Raman spectrum of Bi,Te; nanosheets.

3 Characterization of the Bi,Te; saturable
absorbers

Figure 1a shows the linear absorption spectrum of pure
PVA and Bi, Te; with PVA (15 layers) deposited on a 1 mm
fused silica glass substrate. An uncoated glass substrate
was used as a reference to remove Fresnel reflections in
our measurements. Pure PVA has a high transmission in
the entire measurement range from 500 to 2000 nm in
agreement with previous reports [46, 53]. Bi, Tes also ex-
hibits broadband transmission characteristic from 500 to
2000 nm (and beyond) due to its Dirac-cone like zero
bandgap electronic energy structure. This makes Bi, Tes
a saturable absorber material suitable from the visible to
the mid-IR wavelength range.

The nanosheet structure of Bi,Te; has been con-
firmed by Raman spectroscopy using a 785 nm excita-
tion laser (Figure 1b). The four measured Raman peaks
are located at 58.8, 99.9, 114.2 and 130.8 cm™! corre-
sponding to the Aly,, E%,, Aj, and A%y, peaks, respec-
tively. Compared with bulk Bi,Tes crystal, the appear-
ance of the additional A;;, Raman mode is explained by
the size of the Bi, Tes particles decreasing to 200 - 300 nm,
which breaks the crystalline symmetry of the bulk Bi, Tes
[38, 40]. The nonlinear optical transmission of the Bi, Tes
SA samples with different spin coating layers was char-
acterized using an open aperture Z-scan setup [58, 61]
with an acousto-optically (AO) Q-switched 1880 nm laser
source. The Q-switching frequency varied from 20 kHz to
100 Hz, while the full width at half maximum (FWHM)
of the Q-switched pulse varied from 550 to 200 ns.
Using a 50 mm focusing lens, the maximum intensity
on the SA was 100 MW/cm?. The measured nonlinear
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transmission T was fitted based on a two-level saturable
absorber model [62, 63] with an intensity dependent
transmission according to

T =exp|—|ans+ , (1

0
1+I/IA

where I, is the saturation intensity, and ays and ag =
ﬁ are the nonsaturable and saturable absorption
components. The modulation depth of different Bi,Tes
samples measured in our experiments is defined as the
normalized transmittance difference between high and
low irradiation intensities according to

exp(—ans) — exp[— (ans + ap)]
exp(—ans)

AT =

=1—-exp(—ap).

2)

The measured saturation intensities and modula-
tion depths for different absorbers are summarized in
Figure 2. It can be seen that the saturation intensity
and the modulation depth can be precisely controlled by
changing the number of spin coated layers of Bi, Tes solu-
tion and thus the concentration of Bi, Tes. It is important
to note that modest modulation depths were achieved
at saturation intensities more than one order of magni-
tude smaller than the previous reports as shown in Fig-
ure 3. This means that the concentration of Bi, Te; in our
samples is likely to be much lower compared to previ-
ous reports, yet our fabrication process ensures that our
saturable absorbers still feature modulation depths of up
to 13.2% which is very high compared to well-established

www.ann-phys.org 545

o
=
m
>
=
o)
O
©
D
—




S
o
a
©
o
©
=
oo
=
o

= physik

Transmission (%)
~ e o c] 2] [(e)
(o] o e o N
" 1 i 1 1 1 1 i

~l
N
|

m 5 layers
A 10 layers
15 layers

=23
o]
1

TorTrT MR | MR | MR | MR |
1 10 100 1000 10000 100000

Intensity (kW/cm?)

Figure 2 Measured nonlinear transmission characteristics of
Bi,Te; saturable absorbers with different number of coating lay-
ers at 1880 nm. The modulation depth and saturation intensities
are labeled in the figure.
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Figure 3 Overview of reported modulation depths and saturation
intensities of saturable absorbers based on the topological insula-
tor materials Bi,Te;, Bi,Se; and Sb,Tes.

saturable absorbers like carbon nanotubes (CNTs, mod-
ulation depth: ~1% [64]). Since the intensity levels in in-
tegrated waveguide lasers are typically smaller than that
of bulk or fiber lasers, it is important that a saturable ab-
sorber has both a high modulation depth and a low satu-
ration intensity.

4 Laser performance and discussion

The saturation intensities and modulation depths of
Bi,Te; SAs reported in the literature vary widely and the
vast majority of experiments have been carried out at
800 nm and 1550 nm, as illustrated in Figure 3. Thus,
in order to study and optimize the properties of Bi,Tes
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Figure 4 Schematic of the experimental setup. The waveguide
chip is cut at Brewster’s angle at one end. The waveguide diame-
ter and length are 50 um and 12 mm respectively. The focal length
of lenses 1-3 are 40, 20 and 20 mm, respectively. The distances d1,
d2, d3, d4 and ds are 40, 145, 60, 40 and 35 mm, respectively. The
pump source is a diode laser in Littrow configuration with a tun-
able wavelength from 779 to 790 nm.

H

saturable absorbers for mid-IR waveguide chip lasers, an
external cavity was built as shown in Figure 4. This setup
allows for comparing different samples in the same setup
and to control and vary the spot size and thus irradiation
intensity on the absorbers. It should be noted, that the
optimised SA could eventually be directly coated onto
a waveguide chip resulting in a monolithic laser. The
pump source was a tapered external-cavity diode laser
in Littrow configuration that enables the pump wave-
length to be tuned from 779 to 790 nm in order to opti-
mize the pump efficiency. The maximum available pump
power was 1.7 W. One end facet of the WG chip was butt-
coupled to a dichroic input coupling mirror, while the
other facet was cut at Brewster angle to avoid Fresnel re-
flections and to achieve a linearly polarized laser output.
Since the linear transmission spectrum of Bi,Te; (see
Figure la) reveals a non-negligible absorption at the
pump wavelength, a dichroic mirror was used to avoid
linear absorption of the pump light at the SA and thus
thermally damage of the SA over time. Lens 2 was used
to focus the laser beam onto the Bi,Te; SA that was
placed between lens 2 and 3 under Brewster’s angle to
avoid unwanted reflections and Fabry-Perot effects. A
91% reflective mirror was used as the output coupler.
In an external cavity it is crucial to match the beam di-
ameter of the resonator mode at the Brewster’s cut chip
end-facet to the diameter of the waveguide mode. The
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Figure 5 a) Laser characteristic for the resonator with and without saturable absorber inserted. The QML operation threshold is 1212 mW.
b) Frequency and pulse duration of the Q-switched pulses as a function of pump power.

losses coming from mode-mismatch or unstable oscilla-
tion resulted in a lower slope efficiency compared with
previous report [7], and >70 mW CW average output
power can be delivered at full pump power as shown in
Figure 5a.

Bi,Te; samples with different coating layers were
tested within the same optical resonator. Using Bi,Tes
SAs with 5 and 10 layers respectively, Q-switched mode-
locked pulses could be observed at the output of the
laser. However, the generated pulse trains exhibited large
intensity fluctuations of about 20% and were only sta-
ble for a few minutes. The unstable QML operation is
attributed to the too low saturation intensity and mod-
ulation depth of these two saturable absorbers. How-
ever, using the Bi,Te; sample with 15 layers, highly
stable Q-switched mode-locked laser pulses were suc-
cessfully generated. The generated pulse train was highly
stable with over a timescale of 60 minutes, and the out-
put power has 0.8% fluctuation and 1.5% decrease, which
are ascribed to the misalignment of the resonator and
the thermal effects of the waveguide over time. The sat-
uration intensity and modulation depth of this sample
was 997 kW/cm? and 13.2%, respectively. Although a fur-
ther increase in the concentration of Bi, Te; would lead to
an even higher modulation depth, it would also result in
non-saturable losses in excess of 20%, resulting in an in-
creased laser threshold and a decreased slope efficiency.
As the generated pulse train with the 15 layer absorber
was highly stable over a long period of time, we conclude
that this is an appropriate concentration for our given
laser geometry.

Using the 15 layer sample, the slope efficiency de-
creased from 4.5 % to 1.3% and the CW laser threshold
increased from 66 mW to 527 mW, as shown in Figure 5a.
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When the pump power reached a value of 1212 mW, sta-
ble Q-switched mode-locked laser pulse could be ob-
served. Purely Q-switched operation was not observed
between CW and QML operation. A typical oscilloscope
trace of the Q-switched model-locked laser output is
shown in Figure 6. The observed peaks in the radio
frequency (RF) spectrum at the mode-locking and Q-
switching frequencies were 10 and 23 dB at the thresh-
old pump power and increased to 22 and 27 dB at the
maximum pump power as shown in Figure 6b and c. The
Q-switching frequency increased from 38.6 to 44.1 kHz,
while the full width half maximum pulse duration de-
creased from 2.2 to 1.4 us as the pump power increased.
The mode-locking frequency was consistent with the
cavity length and was measured to be 436 MHz, indepen-
dent on pump power. The maximum output power was
16.3 mW, which is higher than the recently reported av-
erage output power of a Q-switched mode-locked laser
based on a short thulium-doped YAG waveguide and us-
ing a graphene saturable absorber [28].

The average output power at the QML threshold is
9.2 mW resulting in an average intra-cavity power of 102
mW. The calculated beam radii on the saturable absorber
are 10 um in the (y-z) plane and 12 um in the (x-z)
plane and thus the average intensity on the BiyTe; SA
is 25.6 kW/cm? at the QML threshold. Note that this is
still significantly lower than the measured saturation in-
tensity of 997 kW/cm?. However, the Q-switched mode-
locked pulses grow from noise peaks near the threshold,
and thus the actual peak intensity on the absorber ap-
proaches the saturation value at already relatively low av-
erage power levels.

For CW-mode locking to occur, the intra-cavity pulse
energy must fulfill the condition [19]
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E,<r=X, 3)
TL

dT
dE,

where T is transmission of the saturable absorber, E, is
the incident pulse energy density,z; is the upper-state
lifetime of the gain medium, tz is the round-trip time and
r is the pump parameter that indicates how many times
the laser is pumped above threshold. Since the lifetime
of the 3 F, — 3 H; transition in Tm:ZBLAN glass is 11 ms
long [65, 66], and the round-trip time of the external cav-
ity is 2.26 ns short, it is challenging to achieve pure CW
mode-locking. However, for many applications requir-
ing high peak intensity (e.g. supercontinuum generation)
QML can be an advantage as it can provide higher peak
intensity-levels than pure CW mode-locking alone.

Due to the broad emission spectrum of Tm:ZBLAN,
the optical spectrum of the QML laser has a 15 nm wide
emission band ranging from 1865 to 1880 nm. The spec-
trum was stable during QML operation and is shown in
Figure 7a. The output beam profile was elliptical due to

548 www.ann-phys.org

the Brewster’s angle of the waveguide chip, and had a
beam diameter of 2.8 and 3.6 mm in the (y-z) and (x-z)
plane, respectively, as shown in Figure 7b,. The diame-
ter ratio at these two planes is 0.77, which agrees well
with the calculated result of 0.74 (Figure 7c). It is also
worth noting that the laser was oscillating in a purely
fundamental transverse mode, even though the diame-
ter of the waveguide was 50 um. The large fundamen-
tal transverse mode is a direct result of the higher losses
for higher-order transverse mode in the depressed index
cladding geometry [7] and is important for avoiding opti-
cal damage and excessive nonlinear optical effects within
a pulsed waveguide chip.

5 Summary
In conclusion, saturable absorbers based on nanosheets

of the topological insulator material Bi,Te; were fabri-
cated using a multi-layer spin-coating technique. The
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Figure7 a)Optical spectrum of the QML laser. b) Measured output
beam profile with an ellipticity of 0.77; ¢) Calculated beam profile
of the laser output (ellipticity = 0.74).

saturation parameters of those saturable absorbers is
proportional to the concentration of Bi,Te; and can
therefore be tailored by the number of coating layers.
Due to Bi,Tes’s Dirac-cone like energy structure, it fea-
tures a broadband saturable absorption spectrum with
an ultrafast relaxation time which makes it an excel-
lent candidate for the Q-switched and mode-locked op-
eration of chip lasers in the mid-IR. Using a saturable
absorber with an optimized number of Bi,Tes; layers,
for the first time to our knowledge, linearly polarized
Q-switched mode-locking laser pulses have been real-
ized from a Tm:ZBLAN waveguide chip laser in an ex-
tended cavity configuration. The observed Q-switching
and mode-locking frequencies were 44 kHz and 436
MHz, respectively and the maximum output power was
16.3 mW.
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