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ABSTRACT: Mechanically triturated n- and p-type Bi,Te;
nanoparticles, the nanoscale topological insulators (TIs), are
employed as nonlinear saturable absorbers to passively mode-
lock the erbium-doped fiber lasers (EDFLs) for sub-400 fs pulse
generations. A novel method is proposed to enable the control
on the self-amplitude modulation (SAM) of TI by adjusting its
dopant type. The dopant type of TI only shifts the Fermi level
without changing its energy bandgap, that the n- and p-type
Bi,Te; nanoparticles have shown the broadband saturable
absorption at 800 and 1570 nm. In addition, both the
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complicated pulse shortening procedure and the competition between hybrid mode-locking mechanisms in the Bi,Te;
nanoparticle mode-locked EDFL system have been elucidated. The p-type Bi,Te; with its lower effective Fermi level results
in more capacity for excited carriers than the n-type Bi,Te;, which shortens the pulse width by enlarging the SAM depth.
However, the strong self-phase modulation occurs with reduced linear loss and highly nonsaturated absorption, which dominates
the pulse shortening mechanism in the passively mode-locked EDFL to deliver comparable pulse widths of 400 and 38S fs with
n- and p-type Bi,Te; nanoparticles, respectively. The first- and second-order Kelly sidebands under soliton mode-locking regime
are also observed at offset frequencies of 1.31 and 1.94 THz, respectively.

KEYWORDS: Bi,Te; nanoparticle, topological insulator, passive mode-locking, femtosecond soliton laser, pulse compression

Itrafast fiber lasers have found numerous applications in

optical communications, micromachining,' biophotonic
imaging,2 and fundamental scientific research.” Passive mode-
locking of fiber laser using saturable absorber is a typical
method of generating ultrashort pulse. The development of a
broadband, ultrafast saturable absorber that is conveniently
fabricated has attracted much interest recently. Carbon
nanotube (CNT), with its advantages of fast carrier relaxation
time, high damage threshold, and easy integration with fiber,
has emerged the earliest carbon material proposed as saturable
absorber for passively mode-locked lasers since 10 years ago.
Although the size and wall number dependent optical
absorption makes the CNT a band-selective saturable absorber,
Wang et al. collected the CNTs with different diameters and
chiralities to form a nanotube—polycarbonate film for wideband
passive mode-locking with tuning range up to 40 nm.* Kivists
et al. also used a CNT-based saturable absorber mirror with
varied diameters from 1.2 to 1.8 nm to demonstrate the
passively mode-locked fiber lasers with tunable wavelength
from 1.05 to 1.99 um.’ Due to the Dirac cone-like electronic
band-structure, graphene has shown many unique optical
properties, including near-ballistic transport,® Pauli blocking
effect under strong illumination, and broadband saturable
absorption.” Several studies have demonstrated that graphene
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can be exploited as a broadband saturable absorber for passively
mode-locked fiber lasers with central wavelengths varied from
visible to infrared region.*”'? Similar materials such as
nanoscale graphite,'> charcoal powder,'* and few-layer
graphene nanosheets'® were successively reported as alter-
natives. Recently, it was proposed that the simplest 3D
topological insulator (TI)*® could also function as a new class
of saturable absorber because of its unique single Dirac cone
surface state structure.'’

Until recently, the Bi,Te; crystals were identified as the 3D
TIs with their Dirac surface states analyzed by angle-resolved
photoelectron spectroscopy (ARPES),'® and the carrier
mobility on the Bi,Te; surface was measured as high as
~5000 cm?/(V s)."” Because the Dirac-like linear dispersion
band on the surface states of Bi,Te; crystals with a narrow
energy bandgap of ~0.17 eV>° resembles that of graphene, it is
expected to apply the broadband saturable absorption property
for passive mode-locking with a large wavelength tunability.
The first experiment with either Bi,Se; nanoplatelets
synthesized via the polyol method”' and Bi,Te; nanosheets
synthesized via hydrothermal intercalation/exfoliation>* for
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picosecond pulse generation from EDFL were demonstrated.
Recently, the Bi,Te; TI has experimentally exhibited its
saturable absorption with tuning ranging from 0.8 to 1.93
pum.*>** In addition, the layer-number dependent nonlinear
optical property of TI has also been demonstrated.”® Never-
theless, the Bi,Te; is a TI material with vacancy and antisite-
based crystalline defects such that the intrinsic Bi,Te; crystal is
naturally n-type. The Sn dopants are needed to compensate the
vacancies and antisites to obtain the p-type (Bi,_,Sn,),Te,
crystal with its bulk and surface electronic properties changed
accordingly by increasing the Sn doping concentration. In
previous work, the p-type Bi,Te; nanoparticle with lower Fermi
level can reduce the mode-locking threshold, thus, providing
the passively mode-locked EDFL with less pumping power.*®
The result indicates that the saturable absorbance of TI may be
related to its dopant type; however, the dopant-type dependent
nonlinear optical property of TI has yet to be investigated.

In this work, the passive mode-locking of EDFL by using
mechanically triturated Bi,Te; nanoparticles with different
dopant types as a new class of saturable absorber is
preliminarily demonstrated. In contrast to the early report,
this work tends to declare for the first time the density-of-state
detuned Pauli blocking effect and to manipulate the saturable
absorbance via different types of doping. In particular, both the
complicated pulse shortening procedure and the competition
between hybrid mode-locking mechanisms in the Bi,Te;
nanoparticle mode-locked EDFL system has been elucidated.
Without chemical reactions, a simplified physical synthesis with
a mortar based grinding process enables the size shrinkage of
the Bi,Te; nanoparticles to 200—300 nm. By directly
imprinting these nanopowders onto the single-mode fiber
(SMF) patchcord and controlling its coverage ratio, the linear
transmittance in the passively mode-locked EDFL cavity is
significantly improved for shortening the pulse width. The
broadband saturable absorptions of these Bi,Te; nanoparticles
at 800 and 1570 nm are investigated. Soliton pulsation and
shortening are started with the appropriate designation on self-
phase modulation (SPM) and group-velocity dispersion
(GDD) in the EDFL cavity, thus, providing sub-400 fs pulses
both from the n- and p-type Bi,Te; mode-locked EDFLs. The
dopant-type dependent saturable absorption of Bi,Te; TIs with
respect to their passive mode-locking performances is
compared. The great impact of the position of Fermi level on
the saturated density of photoexcited carriers is analyzed to
correlate well with the mode-locking threshold and the
saturation intensity of the saturable absorber. Accordingly,
such a novel method is proposed to enable the control on the
self-amplitude modulation (SAM) of TI or by adjusting its

dopant type.

B RESULTS AND DISCUSSION

The irregular morphology of these nanoscale powders with an
average size of 200—300 nm were characterized by scanning
electron microscope (SEM), as shown in Figure 1a. Both the n-
and p-type Bi,Te; nanoparticles were directly grinded, first in a
mortar and then in the triturator.”” Afterward, these two types
of Bi,Te; nanoparticles were directly coated onto the end-faces
of single-mode fiber (SMF) patchcords with their coverage
ratios precisely controlled to maintain the linear transmittance
at 75 and 85%, which were then connected with other SMF
patchcords to insert these Bi,Te; nanoparticles into the EDFL
cavity. Figure 1b shows the 500X magnified optical microscopy
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Figure 1. (a) SEM images and (b) OM images of n- and p-type Bi,Te;
nanoparticles coated on the SMF connector end-face with different
linear transmittances.

(OM) images of Bi,Te; nanoparticles on the end-face of the
SMEF patchcord.

To reveal the core composition and bonding properties of
bismuth and tellurium atoms in the n- and p-type Bi,Te,
nanoparticles, the static X-ray photoelectron spectroscopy
(XPS) was used for near-surface analysis within a depth of a
few nanometers. The high-resolution XPS scans of the Bi 4f
spectra are shown in Figure 2a,c, which indicate two main peaks
at 162.5 and 157.1 eV correlated with the observed binding
energies of Bi 4f;/, and Bi 4f;, of Bi,Te;. In addition, the peaks
located at 158.5 and 163.8 eV infer the coexistence of the
Bi,O;-based surface states. The Te 3d spectra shown in Figure
2b,d reveal two peaks at 582.3 and 572.0 eV, which match well
the reported binding energies of Te 3d;/, and Te 3ds;, of
Bi,Te;. Similarly, the peaks located at 5862 and 575.7 eV
within the Te 3d spectra confirm the existence of TeO,-based
surface states.”®

The relative peak intensities from the XPS spectra facilitate
the calculation on the ratio of the peak value of Bi 4f,/, to that
of Te 3ds,, (denoted as Rgr.) for the Bi,Te; with different
types. The Ry;1, ratios are 0.88 for n-type Bi,Te; and 0.25 for
p-type Bi,Te;, where the lower Ry;r, ratio for p-type Bi,Te;
indicates that more Sn dopants replace the Bi atoms in the
Bi,Te; unit cell, which leads to a lower Fermi level of Bi, Te;. In
addition, both doping types of Bi,Te; nanoparticles consist of
many oxidized defects on their surface, but they would not
substantially influence the electronic property of Bi,Te; surface
states. Because the surface states of T1s are typically changed by
spin—orbit coupling with their conduction and valence bands
crossing over once, this time-reversal invariant band structure
of topological material leads to an anomalous phenomenon of
forbidden backscattering.*”*® This unique characteristic makes
the electron experience little or no resistance when propagating
along the surface of the Bi,Te; nanoparticles, which retains the
saturated absorption property even with numerous oxidized
defects on the TI material surface.

The Raman scattering spectrum of the Bi,Te; nanoparticle is
shown in Figure 3. Three Raman optical phonon peaks
representing the Algl, Egz, and Algz signals are located at 61, 88,
and 134 cm™!, respectively.”’ The peak positions are very close
to the previously measured and assigned Raman peaks of bulk
crystalline Bi,Te;. However, an additional peak with significant
intensity appeared at ~119 cm™' in the Raman spectrum and
was identified as an A}, mode composed of longitudinal optical
(LO) phonons at the BZ boundary (Z point). The A,, mode is

DOI: 10.1021/acsphotonics.5b00031
ACS Photonics 2015, 2, 481-490


http://dx.doi.org/10.1021/acsphotonics.5b00031

ACS Photonics

a)4000 F pr— 4000 F ——Data
( )3500 n-type _3;7"4",70 Bi (b) 3500 n-type T: 3dg, Te
—_ [ ——Bidf,,, Oxidized layer | = [ Te 3dy, Oxidized layer
53000 ——Bi 4f,,, Bi,Te, 33000 Te 3d,, Bi,Te,
32500 - ~—Bi 4f, Oxidized layer 32500 L —— Te 3d,,, Oxidized layer
s Fitt «==Fitting
22000 Py 22000
g 1500 g 1500
g ol 2. ool
c1000 =1000+
500 500 |
0 L A 0 L
150 155 160 165 170 565 570 575 580 585 590 595
Binding Energy (eV) Binding Energy (eV)
(c)4000F —Dat (d)4000 F —vaa
3500 p-type —3?4:,,2 Bi 3500 [ P-tyPe Te 3dg,, Te
—_ ——Bi4f,, Oxidized layer | __ Te 3dg, Oxidized layer
<3000 ——Bidfy, BiTe, 3000 ——Te 3d,, Bi,Te,
S2500f ——Bidf, Oxidized layer | (62500
Z2000] T 22000
g 1500 |- §1500
£ 1000} £ 1000
500 | 500
0 0
150 155 160 165 170 565 570 575 580 585 590 595

Binding Energy (eV)

Binding Energy (eV)

Figure 2. (a) Bi 4f and (b) Te 3d of the n-type Bi,Te; nanoparticles, and (c) Bi 4f and (d) Te 3d XPS spectra of the p-type Bi,Te; nanoparticles.
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Figure 3. Raman spectra for the Bi,Te; nanoparticles.

an IR active mode but not Raman active mode in bulk Bi,Te;
crystals. Thus, the Raman scattering spectra of the n- and p-
type Bi,Te; nanoparticles demonstrate that the active mode
(A;,) must be odd parity and is Raman forbidden for bulk
crystal due to its inversion symmetry, which is activated to
show the breaking up of the crystalline symmetry of Bi,Te;
nanoparticles when reducing their radius down to 200—300
nm.
Subsequently, the dynamic absorption of light by the surface
states of the n- and p-type Bi,Te; are demonstrated in Figure 4.
The electrons are excited by the incident light from the valence

Bulk n-type Bi;Tes Bulk p-type Bi;Tes
1 Intraband thermalization
~ 500 fs

4
InterBand reconbination
~ 2ps
Time

Absorption

Figure 4. Dynamic absorption of light by the surface states of Bi,Te;.
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band into the conduction band. Afterward, these hot electrons
rapidly thermalize, cool down and eventually form a hot
Fermi—Dirac distribution. It was found that the intraband
thermalization and cooling process of photoexcited carriers on
the surface of Bi,Te, takes approximately 500 fs.>* Under high-
intensity incidence, the nonlinear absorption of the TI based
saturable absorber is correlated with the Pauli’s blocking effect
which occurs when the states of conduction band at energies
between E. and Eo0, — E, are fulfilled with photoexcited
carriers. With the reduction or vanishing of optical illumination,
intraband phonon scattering continues to cool the thermalized
carriers. The interband recombination finally resumes the
excited carriers and recovers the optical absorption back to their
thermal equilibrium condition within 2 ps.*” The absorption of
photons inside the saturable absorber at a transition energy
ceases owing to the band filling, and the photocarrier density n
is simply related to the input light intensity I, carrier
recombination time 7 and light frequency v, as given by n =
alt/hw.®* Therefore, the nonlinear absorbance can be related
to the density of photoexcited carriers (n,,) and the saturated
density of photoexcited carriers (n,) in the TL The saturable
transmittance versus the pulsed peak power is expressed as

T = exp(—a)
a
= exp| —| oy, + —20—
Xp ( lin 1+ I-m/lsat]
( + Phon ]
= exp| —| @y + ———
1+ nin/nsat (l)

where I, and I, are the input and saturation intensities,
respectively; a is the absprbance of saturable absorber
consisting of ay, and @n,/(1 + I,/I,)~". The ay, can be
obtained in saturated (extremely large intensity) condition,
whereas oy, + @, is obtained when input intensity is extremely
small. The absorbance is defined as « —In(T). The
normalized absorbance is calculated to compare the modulation
depth among different samples in convenience. In the particular
case of the TI, the saturation intensity can be also modified if
the allowable density of states for photoexcited carriers is
detuned by the doping type and the concentration. Because the
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Figure S. (a) Nonlinear transmittance and (b) normalized absorbance of n- and p-type Bi,Te; nanoparticles at 1570 nm. (c) Nonlinear
transmittance and (d) normalized absorbance of n- and p-type Bi,Te; nanoparticles at 800 nm.

Fermi energy of the n-type Bi,Te; is higher than those of the
intrinsic Bi,Te; and p-type Bi,Te;, the saturated density of
photoexcited carriers in the p-type Bi,Te; (n,) is larger than
those in the intrinsic Bi,Te; (n;) and the n-type Bi,Te,, as
written by

n

Ephutun_EFn Ephotun_EFp
=/ DENENE < ny < [ DB (E)E
E E

Fn Fp

n,sat

)

where D(E) denotes the density of states (DOS) at the energy
E, f(E) the probability distribution function of carriers, Ephoton
the energy of photon-excited electrons, Ep, and Ep, are the
Fermi energies of n- and p-type Bi,Te;, respectively. That is,
the p-type Bi,Te; possesses the highest a,,, and I, as
compared to those of the intrinsic Bi,Te;. In contrast, the n-
type Bi,Te; exhibits the smallest a,, and I, among three types
of TIs.

The Bi,Te; TI with a narrow energy bandgap of ~0.17 eV is
expected to apply the broadband saturable absorption property
for passive mode-locking.”® Chen et al. have experimentally
demonstrated the saturable absorption of intrinsic Bi,Te; at
800 and 1550 nm by z-scan analyses.> In principal, the dopant-
type of TI only shifts the Fermi level without changing its
energy bandgap. That is, the photocarrier density and saturated
photocarrier density are different in n- and p-type Bi,Tes;
however, the property of broadband saturable absorption is still
existed in both n- and p-type Bi,Te;. To confirm the point of
view on the broadband saturable absorption of n- and p-type
Bi, Te; nanoparticles, the nonlinear saturable absorbance of the
n- and p-type Bi,Te; nanoparticles were measured by varying
the incident pulsed laser intensity at 1570 nm, as shown in

= np,sal
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Figure Sa,b. The excitation source was a pulsed fiber laser with
central wavelength of 1570 nm and a pulse width of 300 fs. The
improved transmittance is observed with increasing the pulse
intensity, which is a key parameter for passive mode-locking of
the EDFL. The saturable transmittance for both types of Bi,Te;
are numerically simulated by eq 1 with a,,,, of 0.033 and 0.065,
ay, of 0.105 and 0.088, and I,, of 25 and 29 MW/cm? for n-
and p-type Bi,Te;, respectively. As a supporting evidence, their
nonlinear saturable absorbance at different wavelengths (far
from 1550 nm) are demonstrated in Figure Sc,d by using a
passively mode-locked Ti:sapphire laser as the pumping source
with central wavelength, pulse width, and repetition rate of 800
nm, 100 fs, and 80 MHz, respectively. For n-type Bi,Te;
nanoparticle, the transmittance is increased from 0.84 to
0.876 with AT of 0.036; For p-type Bi,Te; nanoparticle, the
transmittance is increased from 0.84 to 0.897 with AT of 0.057.
The nonlinear transmittance can be simulated by using eq 1.
For n-type Bi,Te; nanoparticle, the parameters of oy, @, and
I, are 0.133, 0.039, and 21 MW/cm?% For p-type Bi,Te,
nanoparticle, the parameters of oy, @,,,,, and I, are 0.11, 0.061,
and 24 MW/cm? These experimental results prove that n- and
p-type Bi,Te; TIs can be served as the broadband saturable
absorbers.

When the dominated pulse shortening mechanism in the
EDFL is transferred from self-amplitude modulation (SAM) to
SPM, the analytic hyperbolic secant pulse solution of a passively
mode-locked soliton laser model under the interactions
between GDD and SPM can be derived from the Haus master
equation, and the minimal full-width at half-maximum (fwhm)
pulse width 74, is dominated by the nonlinear absorbance, as
given by**
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where D, is the gain dispersion. According to the numerically

simulated values obtained from the saturation transmittance,
the passively mode-locked EDFL with a p-type Bi,Te; based
saturable absorber can generate shorter pulse width than that
with the n-type Bi,Te;.

Figure 6 shows the configuration of the passively mode-
locked EDFL ring cavity with a bidirectional pumping scheme.
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Figure 6. Configuration of Bi,Te; nanoparticle saturable absorber
based passively mode-locked EDFL system.

A 2 m long high-gain Erbium-doped fiber (LIEKKITM Er80—
8/125) was bidirectionally pumped by two laser diodes (LDs)

at central wavelengths of 980 nm (forward) and 1480 nm
(backward) via two wavelength-matched wavelength division
multiplexing couplers (WDMs). When operating both LDs at
900 mA, the LDs deliver pumping powers as much as 290 mW
at 980 nm and 200 mW at 1480 nm. An optical isolator was
utilized to fix the unidirectional propagation of the circulated
pulse and eliminate the intracavity reflection to stabilize the
passive mode-locking. A polarization controller (PC) inserted
before the Bi,Te; nanoparticles based saturable absorber was
properly adjusted to optimize the intracavity polarization of the
EDFL. The 1 X 2 optical coupler provides 5% for output and
95% for feedback into the cavity. The length of SMF with a
dispersion coeflicient of §, g\ = —20 ps*/km is 4.7 m, and the
length of EDF with f3, g = —20 ps®/km is 2 m. As a result, the
cavity GDD is —0.134 ps”.

After inserting the Bi,Te; nanoparticle-based saturable
absorber into the EDFL cavity, a stably mode-locked EDFL
pulse train can be obtained without altering the polarization
controller or vibrating the intracavity fiber segment, which
confirms that the Bi,Te; saturable absorber has taken the place
to dominate the passive mode-locking in the EDFL. Figure 7
depicts the autocorrelation trace and optical spectra of the
passively mode-locked EDFL varied with the n-type Bi,Te;
nanoparticle-based saturable absorbers. The autocorrelation
traces and optical spectra were measured using an autocorre-
lator (Femtochrome FR-103XL) and an optical spectrum
analyzer (Ando AQ6317B), respectively. For the EDFL
passively mode-locked with n-type Bi,Te;, the pulse width
can be shortened from 499 to 400 fs and the spectral fwhm can
be broadened from 5.35 to 6.56 nm by enlarging the linear
transmittance of the saturable absorber from 75 to 85%. The
time-bandwidth products (TBPs) of both experimental results
are approximately 0.32.

In contrast, the pulse width of the EDFL passively mode-
locked by p-type Bi,Te; is relatively short, which slightly
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Figure 7. (a) Autocorrelation traces and (b) optical spectra of the passively mode-locked EDFLs by the n-type Bi,Te; nanoparticle based saturable

absorber under different linear transmittances.
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Figure 8. (a) Autocorrelation traces and (b) optical spectra of the passively mode-locked EDFLs by the p-type Bi,Te; nanoparticle-based saturable

absorber under different linear transmittances.

reduces from 392 to 385 fs with corresponding spectral fwhm
broadened from 6.71 to 6.92 nm by increasing the linear
transmittance of the saturable absorber from 75 to 85%, as
shown in Figure 8. The TBPs of both experimental results are
approximately 0.32. As expected, the p-type Bi,Te; saturable
absorber generates much shorter pulse width than the n-type
Bi, Te; saturable absorber, as contributed by the larger saturable
absorbance and modulation depth of the p-type Bi,Tes. In this
work, the highly chirped dissipative soliton inevitably results in
a TBP away from the transform-limited regime (TBP = 0.315),
which originates from the interaction of linear GDD and the
nonlinear SPM at a specific designation on net gain and cavity
length.** In particular, the enhanced resonance of first- and
second-order Kelly sidebands indicated by the arrow in Figure
9b, with frequency offsets of v; = 1.31 THz and v, = 1.94 THz
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Figure 9. Schematic of the SPM-GDD combined compression for the
Bi,Te;-based mode-locked fiber laser.
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can be observed only with linear transmittance of 85%,
indicating that the pulses may experience highly saturated
gain in the EDF. 36

Due to the small saturation intensity of both n- and p-type
Bi,Te; nanoparticles, these materials cannot create sufficient
extinction between the gain and the saturable loss in the EDFL
cavity, which inevitably results in a broader pulse when
employing saturable absorbers with lower saturation intensity.
To overcome this drawback, efficient pulse compression either
via a strong SPM or an additional mode-locking mechanism
coexisting in the cavity is preferred.’”” However, SPM is an
intensity dependent effect that strictly relies on not only raising
the peak power, but also on reducing the pulse width of the
circulated pulses. Figure 9 demonstrates the schematic of the
SPM-GDD combined compression for the Bi,Te;-based mode-
locked fiber laser. Due to the fact that the finalized pulse width
can enter the soliton regime, it is understood that the initial
EDFL pulse width mode-locked by the Bi,Te; saturable
absorber is in an incomplete mode-locking state, and the
subsequent SPM effect gradually enhanced at a specifically
designed cavity with appropriately adjusted GDD at a slight
value plays a more important role on the intracavity pulse
compression.

In addition, even a weak birefringence effect naturally
occurred in the EDFL cavity can induce a residual polar-
ization-dependent loss inside the cavity, which would also
initiate another less dominant passive mode-locking mechanism
(ie, the nonlinear polarization rotation) by introducing an
artificial saturable loss condition to assist the Bi,Te;-based
saturable absorber. Although Zhao et al. wondered that the
nonlinear polarization rotation (NPR) effect is hardly induced
without a polarizer in the cavity,®® the weak nonlinear
polarization phenomenon can be still existed in the EDFL
cavity even constructed with polarization insensitive compo-
nents.*** Even without a polarizer inside the EDFL cavity, the
combination of residual birefrigence in those passive
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Figure 10. Autocorrelation traces, optical spectra, and oscilloscope traces of the passively mode-locked EDFLs. (a) Without the Bi,Te; nanoparticle,

and (b) with the n-type and (c) p-type Bi,Te; nanoparticles.

components (SMF, EDF, and optical isolator etc.) could induce
the residual NPR effect to form an artificial saturable
absorber.*' This is one of the possible reasons why Jeong et
al. can change the carbon nanotube passively mode-locked
EDFL pulse width from 1.6 ps to 470 fs by adjusting the
variation of polarization state.*> However, the mode-locked
EDFL pulse width may not be shortened and cannot vary too
much if the residual NPR effect is really weak. With such effect,
the current EDFL may initiate a weak but unstable pulse via a
strictly difficult adjustment on the phase of intracavity
polarization. Figure 10 demonstrates the autocorrelation trace
and optical spectrum of such a weakly mode-locked EDFL
pulse. The pulse width and spectral full-width at half-maximum
(fwhm) are 450 fs and 5.7S nm, with the corresponding time-
bandwidth product (TBP) of 0.32. The oscilloscope trace
shows an unstable output from the EDFL cavity with a carrier
amplitude jitter (CAJ) as high as 13.9%," which is hardly
survived for 10 min. The instability of such weak mode-locking
mechanism caused by the NPR induced from residual
birefringence of passive components makes the system
inapplicable to researches.

After inserting Bi,Te; nanoparticle saturable absorber into
the EDFL cavity, a stabilized passive mode-locking of the EDFL
with shortened pulse width can be obtained. Figure 10b,c
provides the autocorrelation traces, optical spectra, and
oscilloscope traces of the EDFLs passively mode-locked with
n- and p-type Bi,Te; nanoparticles, respectively. The pulse
widths of the EDFL passively mode-locked by the n- and p-type
Bi,Te; nanoparticles are 400 and 385 fs with corresponding
spectral fwhm of 6.56 and 6.92 nm, respectively. The
oscilloscope traces confirm that the pulse trains are stably
initiated by n- and p-type Bi,Te; nanoparticles with lower CAJ
values of 1.71 and 1.73%, respectively. According to the
experimental results, more than one mode-locking mechanism
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existed in the EDFL cavity can contribute the self-amplitude
modulation; however, the generated EDFL pulses are
dominated by Bi,Te; nanoparticle-based saturable absorption
effect. An ideal saturable absorber for passively mode-locked
lasers is expected to possess the characteristics of broadband
absorption, ultrafast carrier relaxation time, low saturable
intensity, large modulation depth, and high damage threshold.
Graphene and TIs have shown great potential to be the nice
saturable absorbers. Hereafter, the parametric comparisons
between graphene and Bi,Te; (obtained by our group and
others) have been addressed. The related parameters of
graphene and TI saturable absorbers are shown in Table 1.

Table 1. Related Parameters of Graphene and TI Saturable
Absorbers

graphene Bi,Te;
saturable absorption range  0.8''=2.9 um ggassive 0.8*2-1.93 um>*
Q-switching)

carrier relaxation time
(intraband/interband)

~0.1/~1.6 ps** ~0.5/~2 ps®

saturation intensity 0.71 MW/cm?® Bi,Te;:

31 MW/cm?¥
self-amplitude modulation ~ 0.068 cm?/MW*S 0.002 cm*/MW
(SAM) coefficient (our work)
optical damage threshold 2.7 TW/cm? at 28 GW/cm” at

790 nm*’ 800 nm™

Based on these requested features, graphene was prelimi-
narily demonstrated as a saturable absorber for passively mode-
locked fiber lasers, which exhibits broadband absorption from
0.8 to 2.9 um'"* due to its zero bandgap property. The
ultrafast relaxation in graphene was also reported with
intraband carrier—carrier relaxation time of ~0.1 ps* and
interband relaxation time of ~1.6 ps.® The self-amplitude
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modulation (SAM) coefficient (y & a,on/I,) of graphene-
based saturable absorber can potentially be large due to its
extremely small I, of 0.71 MW/cm;*® however, the trans-
mittance of a single-layer graphene in visible and infrared
regions is as high as 0.97 to reduce the nonlinear absorbance as
well as the SAM coefficient.® Moreover, graphene can also
sustain high optical intensity of >2.7 TW/cm* (@790 nm) to
prevent the thermal problem and maintain the stability of
laser.” As an alternative candidate, the TI also possesses a
Dirac-like band structure with a small bandgap to serve as a
broadband saturable absorber at wavelength ranging between
violet and mid-infrared.*® According to previous reports, the
saturable absorption behavior of Bi,Te; has been demonstrated
at wavelengths extended from 0.8 to 193 um.**** The
intraband and interband carrier relaxation times of Bi,Te;
were measured as ~0.5 and ~2 ps,>> which are comparable
to that of graphene. Bi,Te; saturable absorber reveals a high
saturation intensity of ~31 MW/ cm? and high nonlinear
absorbance to cause a comparable SAM coefficient.*” This
makes Bi,Te; better than graphene when serving as the
saturable absorber in fiber lasers with high output power. Zhao
et al. have performed that Bi,Te; could exhibit a very low
transmittance of <0.04 and a large increased transmittance AT
of 0.953.*> Bi,Te; saturable absorber can sustain the optical
intensity of ~28 GW/cm* (@800 nm) without the thermal
damage.”

B CONCLUSION

In conclusion, the effect of doping types of nanoscale Bi,Te;
saturable absorbers on the passive mode-locking performance
of the EDFL is investigated. A novel method for enabling the
control on the SAM of TI by adjusting its dopant type is
developed. In addition, both the complicated pulse shortening
procedure and the competition between hybrid mode-locking
mechanisms in the Bi,Te; nanoparticle mode-locked EDFL
system has been elucidated. The directly brushed Bi,Te;
powder shrinks the SMF connecter spacing to reduce the
coupling loss. The dopant-type of TI only shifts the Fermi level
without changing its energy bandgap, that the n- and p-type
Bi,Te; nanoparticles have shown the broadband saturable
absorption at 800 and 1570 nm. The time-reversal-invariant
band diagram of the Bi,Te; nanoparticle surface maintains the
saturable absorption property at 1570 nm, providing the
nonsaturated losses of 0.033 and 0.065, linear losses of 0.105
and 0.088, and saturation intensities of 25 and 29 MW/cm? for
n- and p-type Bi,Te;, respectively. The time-reversal-invariant
band of surface states preserves the saturable absorption
property, and hence, more vacancies for excited carriers are
provided by surface states of the p-type Bi,Te; with a lower
Fermi level, which causes larger nonsaturated loss and
saturation intensity to provide a much shorter pulse width
(385 fs) at the SAM case. In comparison, the EDFL with a n-
type Bi,Te; saturable absorber relies on strong SPM and
negative GDD effects to further compress its soliton pulse
width from 499 to 400 fs, comparable with that of a p-type
Bi,Te;, while both first- and second-order Kelly sidebands are
observed with frequency offsets of 1.31 and 1.94 THz.

B METHODS

Fabrications of n- and p-Type Bi,Te; Nanoparticles.
Both the n- and p-type Bi,Te; nanoparticles were directly
grinded, first in a mortar and then in a triturator, as shown in
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Figure 11a. After the mechanical triturating process, both the n-
and p-type Bi,Te; nanoparticles with weight of 0.5 g were

Figure 11. Fabrication process of n- and p-type Bi,Te; nanoparticles.
(a) Photograph of the triturated n- and p-type Bi,Te; nanoparticles.
(b) Process of ultrasonication for further separating the n- and p-type
Bi,Te, nanoparticles. (c) Photograph of the centrifugation. (d) After
the centrifugation, the few-layer and small size Bi,Te; nanoparticles
were floated on the solution surface. (e) Adhesion of n- and p-type
nanoparticles on the end-faces of SMF patchcords. (f) Photograph of
Bi,Te; nanoparticles on the end-face of SMF patchcord.

dispersed in acetone solution with a volume of S mlL,
respectively. The Bi,Te; nanoparticles in the solution were
further separated into small pieces by employing the ultra-
sonication process at 25 °C for 10 min, as demonstrated in
Figure 11b. To extract the small-size Bi,Te; nanoparticles, the
Bi,Te; nanoparticle solution was put in the centrifuge at 1000
rpm for 3 min (Figure 11c) to keep the few-layer and small size
Bi,Te; nanoparticles floating in the upper part of the solution
(Figure 11d). Eventually, the acetone solution containing few-
layer and small-size Bi,Te; nanoparticles were dip onto the
end-faces of different single-mode fiber (SMF) patchcord. After
evaporating the chemical solvent in an oven at 80 °C for 5 min,
the Bi,Te; nanoparticles were self-adhered to the end-faces of
the SMF patchcords, as illustrated in Figure 11e. By controlling
the concentration of Bi,Te; nanoparticle solution, the coverage
ratio of Bi,Te; nanoparticles on the patchcord end-face can be
adjusted.

Characterizing the Linear Transmittance of n- and p-
Type Bi,Te; Nanoparticles. After adhering the Bi,Te;
nanoparticles onto the end-face of one SMF patchcord, another
SMF patchcord was connected to sandwich the Bi,Te;
nanoparticles in between. To measure the linear transmittances
of the n- and p-type Bi,Te; nanoparticles, a continuous-wave
(CW) tunable laser with an average power of 0 dBm at central
wavelength of 1570 nm was utilized. After passing through the
sandwiched patchcord/Bi,Te;/patchcord segment, the trans-
mitted laser power was detected by a dual-port power meter
and subtracted each other for noise suppression. With such a
setup as shown in Figure 12, the linear transmittances of Bi,Te;
nanoparticle on the SMF patchcord end-face can be measured.

Characterizing the Saturable Absorbances of n- and
p-Type Bi,Te; Nanoparticles. An intensity-scan measure-
ment was established to analyze the nonlinear absorbances of
the n- and p-type Bi,Te; nanoparticles; This measurement
employs a mode-locked fiber laser with central wavelength of
1560 nm and a pulse width of 700 fs as the pumping source.
The peak power of the laser pulse was enlarged with a boost
erbium-doped fiber amplifier, and the excitation source was
divided by a 50/50 coupler to directly measure the throughput
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Figure 12. Experimental setup for analyzing the linear (unsaturated) and nonlinear (saturated) transmittance.

power with and without passing through the Bi,Te; nano-
particles. The transmittance was obtained by calculating the
ratio between two coupling lights without the influence of
power and shape fluctuations.
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