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  1.     Introduction 

 All-optical signal processing, including 
signal regeneration and controlling light 
by light, plays a critical role for the ultra-
high bit rate communication systems [ 1–5 ]  
as the current electronic processing 
speeds are gradually approaching the fun-
damental limits at 60 Gb s −1 . [ 6,7 ]  However, 
challenges remain on how to signifi cantly 
improve the device performance in order 
to fulfi ll some emerging applications, for 
example, reducing footprint size, weak-
ening required switching optical power 
and effi cient fi gure of merit (FOM). One 
of the most enticing promises that delimit 
further development of all-optical pro-
cessing might come from the lack of suit-
able host nonlinear optical materials. 

 In spite of decades of investigations, 
various nonlinear optical materials such 

as chalcogenide glass, [ 8–11 ]  lithium niobate, [ 12–14 ]  and highly 
nonlinear silica fi ber [ 15–17 ]  that have been explored to date show 
weak nonlinear susceptibilities and fail to support effi cient all-
optical processing, etc. However, a number of limitations, such 
as small total phase shift, large scattering loss, excessive optical 
absorption loss, and liability of optical damage, still exist and 
eventually render researchers unable to fi nd practical materials 
for all-optical processing applications. Consequently, there are 
strong motivations on the pathway of searching for new non-
linear optical materials with remarkably large third-order non-
linear susceptibilities (or nonlinear refractive index  n  2 ), for laser 
pulse or beam shaper, optical switcher, wavelength converter, 
etc. [ 18–20 ]  

 Graphene and graphene-like 2D materials as nonlinear 
optical materials have recently attracted much attention. [ 21–27 ]  
Unlike conventional bulk materials, the electrical and optical 
properties of layered materials can be effectively engineered 
over a wide range by chemical or electrical doping, offering 
a great fl exibility in tailoring the nonlinear optical proper-
ties. [ 28–30 ]  The imaginary part of the complex susceptibility in 
graphene, that is, a saturable absorption term, has been widely 
investigated, [ 31,32 ]  and this property has led to the success in 
passive laser mode locking or  Q -switching from visible wave-
length to microwave frequency band. [ 33–39 ]  The real part of the 
complex susceptibility in graphene, that is nonlinear refrac-
tive index 10 m W2

11 2 1n = − − , had been experimentally investi-
gated by Zhang et al. [ 40 ]  It was found that the fi gure of merit 
of graphene increases with the increase of the incident laser 

 Topological insulators (TIs) are a new quantum phase of matter with topologi-
cally protected surface metallic states inside the insulating bulk states. Due 
to their unique single Dirac cone surface state, relatively low sheet resistance, 
and broadband optical operation, they have attracted enormous interests 
in both electronics and optics. Out of those above-mentioned applications, 
electronic devices are seeking most attention until now. Here the experi-
mental prototype for light processing device, TI-coated microfi ber (TCM), is 
demonstrated. Owing to the large Kerr coeffi cient of TI, TCM could operate 
as an effective optical Kerr switcher and broadband wavelength converter at 
the telecommunication band. This device could be well integrated with cur-
rent high-speed fi ber optic communication networks and might well provide 
an approach for all-optical signal processing through nonlinear processes. 
It is anticipated that few-layer topological insulator might afford new oppor-
tunities for nonlinear photonic applications, especially in all-optical routing, 
optical multiplication frequency, etc. 
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intensity, suggesting that graphene might highly favor for non-
linear optics applications where high nonlinear phase occurs 
along with low absorption per layer. The large Kerr coeffi cient 
might be useful in the fi eld of “all-optical modulation scheme,” 
which means the control or redirection of the fl ow of light uses 
another controlling light fi eld. [ 41,42 ]  Both the saturable absorp-
tion and nonlinear refraction of graphene make it attractive for 
a number of photonic and optoelectronic applications. [ 43–45 ]  

 Unfortunately, the relatively low damage threshold of gra-
phene might delimit the potential applications in high-power 
regime where strong light–matter interaction exists. [ 46,47 ]  
Topological insulator (TI), graphene-like 2D Dirac material, is 
characterized by a small band gap in its bulk state and a gap-
less metallic state at its edge/surface. Both the surface and the 
bulk state of topological insulator can absorb the excitation 
light, and can exhibit saturable absorption and signifi cant non-
linear refraction at 800 nm. [ 48 ]  However, a few studies concern 
nonlinear refraction at the communication band. In particular, 
nonlinear optical materials with a large Kerr coeffi cient show 
potentials for optical communication and microwave photo-
nics. [ 49–51 ]  In this context, reports are mostly based on the 
open- and close-aperture  Z -scan measurements on TI: Bi 2 Te 3 , 
a few-layer TI; its nonlinear refractive index is measured to 
be about 9.16 10 cm W6 2 1× − − . This clearly suggests that TI 
shows a larger nonlinear Kerr coeffi cient than graphene. TI-
coated microfi ber (TCM) is fabricated through depositing 
TI: Bi 2 Te 3  nano-platelets on the microfi ber by using optical 
deposition. The mutual light–matter interaction is achieved 
through the interaction of TI with the evanescent fi eld of 
propagating light. This device could operate both as an optical 
Kerr switcher with an extinction ratio higher than 14 dB 

and an operation range over 20 nm, and a four-wave mixing 
(FWM)-based wavelength converter, with a maximum conver-
sion effi ciency of −34 dB.  

  2.     The Preparation and Characterization 
of Few-Layer TI: Bi 2 Te 3  

 The diethylene glycol (DEG) mediated polyol method used in 
our experiment has been widely employed to synthesize few-
layer TI: Bi 2 Te 3 . [ 52 ]  In the whole synthesis process, the DEG 
solution mixed with appropriate stoichiometric ratio of bismuth 
nitrate (Bi(NO 3 )) and potassium telluride (K 2 TeO 3 ) was stirred 
vigorously all the way. Then, the mixture solution was refl uxed 
at 240 °C for 4–5 h and fi nally cooled down to room tempera-
ture. After fi ltering with nano-sieves, the obtained gray powders 
were washed with distilled water and ethanol repeatedly. Few-
layer TI: Bi 2 Te 3  nano-particles were prepared successfully after 
dried at 60 °C in vacuum over 12 h.  Figure    1  a shows the scan-
ning electron microscope (SEM) images; it can be clearly seen 
that TI exhibits symmetric hexagonal morphology, which indi-
cates relatively high stability. The Raman spectrum is shown 
in Figure  1 b. Two Brillion zone centers Raman peaks located 
at 100.4 and 137.6 cm −1  could be found, which correspond to 
the Raman active modes at 2Eg  and 1

2A g , respectively. Besides, an 
additional peak with obvious intensity at ≈116.5 cm −1  is identi-
fi ed as 1

2A u  mode, composed of longitudinal optical phonons at 
the Brillion zone boundary. The strongest 1

2A u  peak is caused 
by the crystal symmetry breaking with the thinning of the TI 
sample. To further investigate the thickness and the width of 
the few-layer TI: Bi 2 Te 3 , the atomic force microscope (AFM) 
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 Figure 1.    a) SEM images. b) Raman spectra. c) AFM images. d) Height profi les of the as-prepared few-layer TI: Bi 2 Te 3  nano-platelets.
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topography images were employed. As shown in Figure  1 c,d, 
the Bi 2 Te 3  nano-platelet has a very clean and fl at surface with a 
uniform thickness of about 21 nm. 

  The as-prepared few-layer TI: Bi 2 Te 3  was then dispersed 
in the ethanol solution, and further coated on the core of the 
microfi ber by the optical deposition, with a stretching length of 
24 mm and a diameter of 5.5 μm as shown in  Figure    2  a. The 
 Z -scan measurement was performed to measure the nonlinear 
refractive index of few-layer TI: Bi 2 Te 3 . To fulfi ll the  Z -scan 
measurement requirement, few-layer TI: Bi 2 Te 3  nano-platelets’ 
dispersion solution was spin coated onto the quartz substrate, 
as shown in Figure  2 b. 

  Correlations of the diameter and effective fi eld area are 
calculated for the fundamental mode in TCMs as shown in 
 Figure    3  . The black curve represents the geometric cross sec-
tion of the microfi ber. The fi eld is well confi ned in a smaller 
zone, as confi rmed from the simulation, its index  A  eff  is sig-
nifi cantly smaller than the single mode fi ber (SMF). For 
example, when 5.5D = μm and 1550λ =  nm, the  A  eff  of the 
TCM is 25.8 μm 2  that is ≈1/4 of the common SMF. Hence, 
the TCM will enhance the nonlinear coeffi cient  γ , where

/2 effn w cAγ ( )=  and  n  2  is the nonlinear index of the TCM. The 
inset of Figure  3  is the fi eld distribution for 5.5D =  μm and 

1550λ = nm. 

    3.     The Preparation and Characterization 
of Few-Layer TI: Bi 2 Te 3  

  Z -scan measurement technique, due to its simplicity, can be 
used to investigate the nonlinear optical response of nano-mate-
rials. [ 48 ]  The confi guration of a typical  Z -scan measurement is 
shown in  Figure    4  , which is similar to that in ref.  [ 40 ]  The laser 
source was a picosecond fi ber laser with a central wavelength of 
1562 nm (pulse duration: 1.2 ps, repetition rate: 20.8 MHz, and 
peak power: up to 20 mW). After out-coupling from the fi ber 
laser cavity, an optical amplifi er was used to amplify the inci-
dent laser pulse, and an optical attenuator was used to adjust 
the laser output power. A 50% beam splitter was used to extract 
the input laser beam as a reference. The laser beam was then 
focused by an objective lens, generating a beam waist of 74 μm. 
By gradually translating the sample through the motorized 
stage, which corresponds to alter the distance between the inci-
dent laser beam and the sample, the incident laser intensity can 
be continuously varied. This allows us to monitor the nonlinear 
optical responses under different light intensities. 

  In a typical  Z -scan experiment, nonlinear optical measure-
ments could be performed in two different regimes: one is 
the open-aperture regime wherein all the light transmitted 
through the sample could be collected by the power detector, 
and the other is the close-aperture regime where a small aper-
ture was placed in front of the power detector in order to col-
lect the on-axis portion of the diffracted beam while block the 
off-axis portion of the diffracted beam. A typical open-aperture 
trace, during the translation of the sample through the beam 
focus at an incident irradiance of 2.42 MWcm 2− , is shown in 
 Figure    5  a. The emergence of a sharp and narrow peak, located 
at the beam focus, clearly indicates that topological insulator 
possesses signifi cant saturable absorption, reported by dif-
ferent research groups. [ 40,48 ]  The corresponding close-aperture 
measurement is shown in Figure  5 b, which is, in fact, a com-
bined consequence of the nonlinear absorption and nonlinear 
phase contribution. [ 36,44 ]  Given that the effect of the nonlinear 
phase is on the same order of magnitude as that of the satu-
rable absorption, one has to isolate the nonlinear phase contri-
bution through the division of the close-aperture measurement 
by the open-aperture measurement, the principle of which 
has elaborated in ref.  [ 53 ] . Consequently, nonlinear optical 
response contributed by the sole nonlinear phase effect could 
be unambiguously verifi ed, as shown in Figure  5 c. A transmis-
sion down–up curve clearly implies a positive sign of the com-
plex nonlinear refractive index. Fitting the trace by the well-
established formula [ 53 ] 
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 Figure 2.    a) Schematic diagram of the TCM, in which TI is coated on the microfi ber with diameter of D. b) Photo of few-layer TI: Bi 2 Te 3  nano-platelets 
coated onto the quartz glass.

 Figure 3.    The relation of the effective mode area against the diameter, in 
which the black line shows the sectional area of the microfi ber. The inset 
presents the mode distribution of the TCM with  D  = 5 µm, at 1550λ = nm.
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x x( )( )( ) = + ΔΦ
+ +   

(1)
 

    where  T ( x ) is the normalized transmittance, /x z zR= ,
/0

2z wR π λ= , 2 0 effkn I LΔΦ =  is the on-axis nonlinear phase shift 
at the focus, 2 /k π λ=  is the wavelength number,  I  0  is the irra-
diance at the focus, and  L  eff  is the sample’s effective length. The 
nonlinear phase change ΔΦ is therefore inferred to be 1.31 rad. 
Consequently, we could determine the nonlinear Kerr refrac-
tive index of topological insulator is 9.16 10 cm W2

6 2 1n = × − −  
at the telecommunication band, deduced from the formula

/2n kLI( )= ΔΦ , where  L  is the sample thickness measured 
by the AFM characterization. In comparison with nonlinear 
refractive index at 800 nm, [ 48,53 ]  it is important to note that 
the nonlinear Kerr refractive index of topological insulator is 
larger at telecommunication band than that at 800 nm. This is 
consistent with ref.  [ 54 ] ; they found that the third-order optical 

susceptibility of graphene was found to depend on the wave-
length, that is, it increases with the increase of the incident 
wavelength. Such dependence might originate from the unique 
Dirac state in graphene. Given that topological insulator nano-
materials have similar metallic surface state as graphene, TI 
might, therefore, show similar nonlinear optical response as 
graphene. So there is a signifi cantly higher value of nonlinear 
refractive index ( n  2 ) observed at 1.55 μm compared to 0.8 μm. 
The nonlinear FOM of the topological insulator was estimated 
to be around 1.7, while in comparison with that of BK7 glass it 
was estimated to be 3.49 10 4× − . In order to realize a suffi cient 
nonlinear optical switching, the FOM needs to be higher than 
one. [ 55 ]  This suggests that the TI: Bi 2 Te 3  possesses excellent 
nonlinear optical feature for all-optical signal processing.  

  4.     TI-Based Optical Kerr Switcher and Wavelength 
Converter 

 The optical Kerr effect, as one of nonresonant electronic non-
linear polarizabilities, occurs as a result of the nonlinear response 
of bound electrons to an applied optical fi eld. [ 56 ]  The Kerr 
switcher enabled by the nonlinear optical effect is an essential 
component for all-optical networks with great application pros-
pects. Its operation principle is schematically shown in  Figure    6  . 
In brief, the incident pump and probe signals are simultaneously 
injected into TCM. At the output port, an optical polarizer with 
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 Figure 4.    Schematic of the  Z -scan experimental setup.

 Figure 5.     Z -scan measurement of TI: Bi 2 Te 3  at an average power of 
5.2 mW, corresponding to a peak power of 2.42MWcm 2− at the focus point. 
a) Near fi eld (open aperture). b) Far fi eld (close aperture). Upon dividing 
the near fi eld curve, one obtains the data of panel (c) which exhibits a 
typical shape of a  Z -scan curve with positive nonlinear phase shift.

 Figure 6.    Schematic diagram of the optical Kerr switcher based on the 
nonlinear Kerr medium.
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polarization axis orthogonally oriented with respect to the probe 
signal was used to suffi ciently suppress the transmission of the 
probe signal. Provided that the pump signal is absent or suffi -
ciently weak, the probe signal will be almost completely blocked 
by the optical polarizer. With the gradual increase of the pump 
intensity, the mutual nonlinear interaction between the pump 
and probe signals become correspondingly stronger, and result 
in an additional nonlinear phase shift. Since TI possesses large 
nonlinear refractive index and the mutual interaction length is 
long enough, the probe signal might encounter a cross phase 
modulation, leading to the polarization rotation of the probe 
signal after propagating along TCM. This phenomenon is also 
similar to the nonlinear polarization rotation in highly nonlinear 
optical fi ber, which had been elaborated in ref.  [ 57 ] . Conse-
quently, owing to the cross phase modulation caused by the co-
propagating pump signal, the state of polarization (SOP) of the 
probe signal will be under signifi cant evolution. In order to char-
acterize the dependence of the change of the SOP on the inci-
dent pump power, an optical polarizer was fi xed while the pump 
power was gradually tuned, and the probe transmittance under 
different pump powers was investigated. At the output port, the 
phase difference of two polarization components of the probe 
signal manifests as a change of the SOP. As a result, the trans-
mittance of the probe signal will increase with the increase of the 
pump power, suggesting that the nonlinear polarization rotation 
can change the SOP of the probe signal. Correspondingly, the 
probe signal can change from the off-state to the on-state once 
the pump signal transits from low- to high-power regime. Appar-
ently, the transmittance of probe light is related to the light inten-
sity of pump. By tuning the intensity of pump signal, the probe 
signal could exhibit different on/off states. [ 58 ]  

  Due to the wavelength difference between the pump and 
probe signals, the phase difference between the horizontal and 
vertical components of the probe signal, with a propagation dis-
tance of  L , can be determined as follows 

    

2 L
n nx y� �π

λ ( )ΔΦ = −
  

(2)
 

   where  λ  is the wavelength of probe light, n n nx x x� = − Δ , and 
n n ny y y� = − Δ . nxΔ  and nyΔ  are the changes of the refractive 
index of the horizontal and vertical polarization components. 

nxΔ  can be represented as 

     
2 2 p

2
n n ExΔ =

  
(3)

 

   where p
2

E  is the intensity of pump light,  n  2  is nonlinear refrac-
tive index. However, if the pump and probe light are polarized 
in parallel, nyΔ  can be represented as 

     
2 2 p

2
n n b EyΔ =

  
(4)

 

   where  b  is the parameter related to the third-order nonlinear 
susceptibility. Consequently, the phase difference of probe light 
caused by pump light can be expressed as 

     

4
12 p

2L
n b E

π
λ

( )ΔΦ = −
  

(5)
 

   Since that the optical polarizer is orthogonally polarized with 
respect to the polarization axis of the probe signal if the phase 
difference is zero; the probe light can be completely blocked. 
However, once the phase difference turns out to be nonzero, a 
portion of probe signal can pass through the optical polarizer. 
Therefore, the relation between the transmittance of probe ( T ) 
and phase difference (ΔΦ) can be determined as follows 

     
sin

2
2T = ΔΦ⎛
⎝⎜

⎞
⎠⎟   

(6)
 

   where  T  is the transmittance of the probe light and ΔΦ is the 
phase different between the pump and the probe signals 

     2
eff

2

P
A

n L

λ=
  

(7)
 

   where  P  is the pump power,  A  eff  is the effective core area,  n  2  is 
the nonlinear Kerr index, and  L  is the propagation distance. 

 The experimental setup on nonlinear polarization rotation 
is shown in  Figure    7  . The continuous wave (CW), emitted 
from the external cavity laser (ECL1), operates as the pump 
signal while another CW emitted from the ECL2 operates as 
the probe signal. Two different pieces of polarization control-
lers (PCs) were employed to adjust the SOP of the pump and 
probe signals, respectively. The pump signal was fi rst amplifi ed 
by a commercial erbium-doped fi ber amplifi er (EDFA) followed 
by a band-pass fi lter in order that the amplifi ed spontaneous 
emission (ASE) from EDFA could be suffi ciently suppressed. 
The pump and probe signals were then combined through a 
3 dB coupler, and therefore both pump and probe signals co-
propagate along the TCM. To obtain the maximum conversion 
of the Kerr switcher, the SOP of the probe light is substantially 
orthogonal with the polarizer, and the pump light is aligned to 
have a SOP of 45° with respect to that of the probe light. 

  Experimentally, we observed that the output probe signal 
could operate in two different states. One is the switching-off 
state where the optical transmittances of the probe signal was 
quite low, and the other is the switching-on state with the pump 
signal being strong enough to induce the polarization rotation 
of the probe signal.  Figure    8   shows the typical on/off state of the 
probe signal, under a launched optical pump power of ≈80 mW 
and a probe power of ≈0.5 mW. The wavelengths of pump and 
probe light were fi xed at 1547.5 and 1555.7 nm, respectively. 
By switching off the pump, the probe transmittance could be 
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 Figure 7.    Experimental setup of the optical Kerr switcher.
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dropped down to zero immediately, whereas by switching on 
the pump, the probe transmittance dramatically increases with 
an extinction ratio up to 14 dB. It, therefore, suggests that we 
are able to deliberately control the transmission of the probe 
signal through controlling the intensity of the pump signal, 
which constitutes a TI-based optical Kerr switcher. 

  By further tuning the EDFA current, the amplifi ed output 
optical power can reach up to 250 mW, and correspondingly the 
optical power launched into the sample could be adjusted from 
0 to ≈100 mW. With the continuous increase of the input power 
of pump signal from 4 to ≈100 mW, we can clearly observe the 
continuous increase of the probe transmittance. Meanwhile, if 
the pump signal was tuned from high- to low-power regime, a 
reversed change of the probe transmittance can be found. The 
entire evolution process had been well summarized in  Figure    9  . 
The normalized probe transmittance against input pump power 

was plotted in Figure  9 b, where the probe transmittance can 
reach its maxima under a launched pump power of 80 mW. 
With the further increase of the pump signal, saturation of the 
probe transmittance might occur. This is due to a phase shift 
of π between the horizontal and vertical components of probe 
light, which had already been almost realized, under a pump 
power of 80 mW. The further increase of the pump signal could 
not induce nonlinear phase shift. Rather, the essential probe 
transmittance might decrease as it already reaches its maxima. 
In theory, we are able to switch off the probe signal again 
through further increasing the pump power when the pump 
signal is strong enough to induce a phase shift of 2π. However, 
limited by the optical damage problem of the TCM, this device 
was operational at the moderate power regime, making it inca-
pable of switching off the probe signal at high-power regime. 
Our experimental results could be well fi tted by the theoretical 
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 Figure 8.    a) Schematic model of TCM optical Kerr switcher and the output spectra obtained after the TCM and the polarizer with b) pump signal 
turned off and c) pump signal turned on.

 Figure 9.    a) The evolution of the output spectra under different pump power from 4 to ≈100 mW. b) The relation of the probe transmittance against 
the incident pump power.
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equation. [ 58 ]  According to the above formula, the estimated 
equivalent nonlinear coeffi cient of our device can be as high as 
1.042 10 cm W10 2 1× − − , and the effective nonlinear coeffi cient is 
2.6 10 W km5 1 1× − − . 

  Then, we investigate the wavelength dependence on the per-
formance of the optical Kerr switcher. By fi xing the probe wave-
length at 1555.7 nm, while the central wavelength of the pump 
signal was tuned from 1547.5 to 1565.5 nm without changing 
the power of pump and probe signals.  Figure    10   shows the 
output spectra versus the wavelength changes of pump signal. 
As shown in  Figure    11  a, when the pump signal wavelength is 
adjusted from 1547.5 to 1565.5 nm, the extinction ratio was 
always kept at ≈14 dB. The repeated scans of the switching-on 
state measured at a time interval of 1 min in Figure  11 b show 
that the extinction ratio of the TCM was almost kept nearly con-
stant at ≈14 dB. Our measurements verify that this as-fabricated 
TCM could operate as a broadband device with reasonably high 
on/off ratio and stability. This device might show the feasibility 
of topological-insulator-based Kerr photonics device. However, 
its moderate optical damage threshold might limit its opera-
tion toward high-power regime. In the future, we expect to 
resolve this problem through fabricating new TI-based devices 
with enhanced performance that could endure high-power 
illumination. 

     5.     The Four-Wave Mixing Effect of the Nonlinear 
Kerr Device 
 TCM could also operate as an FWM-based wavelength con-
verter. The corresponding experimental setup is schematically 
shown in  Figure    12  . Two CW tunable laser beams, emitted from 
two different wavelength tunable ECLs, were fi rst amplifi ed 
through two individual EDFAs. The amplifi ed CW laser beams 
were then combined and launched into the same piece of TCM. 
Two pieces of separate PCs were used to adjust the polariza-
tion state of the incident laser beams, in order to maximize the 
conversion effi ciency. Subsequently, the two laser beams were 
combined by a 3 dB optical coupler and launched into TCM. 
The amplifi ed light after propagating along TCM then under-
goes the FWM process. Various new idler wavelengths could 
be obtained by tuning the wavelength of the pump laser beam. 
The spectral output is then monitored with an optical spectrum 
analyzers (OSA).  Figure    13   shows the transmitted FWM spec-
trum through the TCM. 

   First, the central wavelengths of the two incident laser beams 
were fi xed at  λ  1 : 1541.56 nm and  λ  2 : 1545.56 nm, respectively. 
By taking the insertion loss into consideration, the real input 
power of the two pump beams was measured to be lower than 
100 mW. By performing the comparison experiments where 
bare tapered fi ber without the deposition of topological insu-
lator materials was fi rst used instead of TCM, we note that it 
was impossible to observe the generation of any new frequency 
on the optical spectra no matter how the polarization states of 
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 Figure 10.    The output spectra versus the wavelength of pump light tuned 
from 1547.5 to 1565.5 nm.

 Figure 11.    a) Extinction ratio versus the wavelength of pump light in the tuning range of 1548 to 1566 nm, and b) the extinction ratio taken at a 
10 min interval.

 Figure 12.    Experimental setup on four-wave mixing in the TI-coated 
microfi ber.
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the input light were adjusted, as shown in Figure  13 a. However, 
once TCM was introduced, new light wavelengths at  λ  c1  and  λ  c2  
could be generated provided that the polarization states of the 
two beams are optimized, as shown in Figure  13 b. This clearly 
indicates that the FWM effect can occur through the interaction 
of two light beams propagating along TCM. 

 Experimentally, we found that the wavelength spacing, optical 
power, and polarization states of the incident beams play a cen-
tral role in the wavelength conversion effi ciency. Provided that 
the polarization states of the two laser beams are fi nely adjusted 
in such an order that their polarization states are parallel with 
each other, effi cient FWM can occur. After optimizing the 
PCs in order to maintain the maximum effi ciency, the wave-
length dependence of the conversion effi ciency can be further 
investigated. During the process, the input wavelength  λ  2  was 
fi xed while another wavelength at  λ  1  was gradually tuned. As 
shown in  Figure    14  , with the increase of the wavelength spacing, 
the intensity of the produced idler wavelength decreases corre-
spondingly. The relation of the conversion effi ciency with dif-
ferent wavelength shifts had been shown in  Figure    15  . Once the 
wavelength separation is larger than 3 nm, the conversion effi -
ciency can dramatically decrease, which suggests that the 3 dB 
conversion bandwidth is about 6.4 nm. It can be explained as fol-
lows. There exists strong optical birefringence caused by the fi ber 
bending and material inhomogeneity. It can, therefore, introduce 
a strong walk-off effect between these interacting laser beams, 
which renders the phase mismatch of the phase and decrease the 
conversion effi ciency. Larger wavelength separation can result in 
a stronger walk-off effect and weaker FWM effi ciency. However, 
limited by our detection system where minimum laser intensity 
is required for effective detection, the maximum tuning range 

available is around 6.4 nm. Assuming that the pump and probe 
wavelengths are close enough, with a wavelength spacing of 
≈0.5 nm, the maximum conversion effi ciency that we could reach 
is about −34 dB. Based on the above equation, the effective coef-
fi cient of TCM is estimated to be 1.04 10 W km4 1 1× − − compared 
with the bare tapered fi ber of 4.059W km1 1− − . The dashed line in 
Figure  15  shows the corresponding theoretical results. These are 
in good agreement with the experimental results. 

   The theoretical model is analyzed as follows. The conversion 
effi ciency ( ξ ) of degenerated four-wave mixing is given by [ 59,60 ] 

     

converted

s
eff p

2P

P
L P e aLξ γ η( )= = −

  
(8)

 

   where  L  is fi ber length,  a  is the attenuation coeffi cient,  γ  is the 
nonlinear coeffi cient of the fi ber,  P  p  and  P  s  are the optical power 
of the pump and input signal waves, respectively.  L  eff  is the 
effective interaction length determined by (1 )/effL e aaL= − − . [ 59,60 ]  

  η  is the four-wave mixing process effi ciency and is given by 
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   The term Δ β  in the above equation represents the phase mis-
match of the propagation constant and can be written as 

 Figure 13.    Output spectra obtained from a) the bare tapered fi ber and b) the TCM.

 Figure 14.    Output FWM spectra against wavelength detuning.  Figure 15.    Conversion effi ciency against wavelength detuning.
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   where sD λ( )  is the chromatic dispersion of the signal, 
D

λ
∂
∂  is 

the chromatic slope, Δ f  is the frequency separation between the 
pump ( f  p ) and the input signal ( f  s ) ( p sf f fΔ = − ),  c  is the speed 
of light in vacuum, and  λ  s  is the input signal wavelength. 

  Table    1   summarizes the FWM parameters for wavelength 
conversion devices based on different materials, including 
carbon nano tube (CNTs), graphene, and topological insulator 
at a pump power of ≈20 dBm. Among them, TI-coated micro-
fi ber has better performances, such as higher conversion effi -
ciency, wider 3 dB tuning range, and relatively higher damage 
threshold (at least comparable with the other devices). The 
superior performance may be correlated with the higher Kerr 
coeffi cient of topological insulator and longer interaction length 
of this device structure. The obtained conversion effi ciency is 
remarkable considering the fact that the few-layer topological 
insulator materials are randomly oriented, which might intro-
duce additional scattering loss. Furthermore, AFM charac-
terization shows that the few-layer TI samples have different 
thickness distribution which lowers the effective nonlinearity. 
It might be possible to further increase the effective nonlinear 
coeffi cient by employing TIs with more precisely engineered 
layers and more uniform size distribution. Owing to the elec-
trons in the surface state of topological insulator behaving in a 
linear band structure, it is further anticipated that topological 
insulator is an intrinsic wavelength-insensitive nonlinear optical 
material for broadband wavelength conversion. However, lim-
ited by the fi ber birefringence, wavelength separation between 
these two interacting laser beams could not be broadband 
enough. In order to mitigate the operation frequency limitation, 
we propose that low-birefringence fi ber with shorter interaction 
length will lead to the broad range of wavelength conversion. 
This will be our future research target of fabricating TI-based 
broadband and high-performance wavelength converter. 

    6.     Conclusions 

 Based on our  Z -scan measurements, we found that TI: Bi 2 Te 3  
possesses giant Kerr coeffi cient ( n  2 ), which is even larger than 
graphene at the telecommunication band. By taking advantage 

of its nonlinear optical property, we have fabricated a new non-
linear photonics device, TI-coated microfi ber, where light non-
linearly interacted with TI: Bi 2 Te 3  by evanescent wave. Using 
this nonlinear Kerr device, we are able to realize effi cient Kerr 
switching and broadband FWM-based wavelength conversion. 
These nonlinear results suggest the feasibility of TI-based 
nano-photonics devices for all-optical signal processing, and 
may fi nd vast potential applications in optical communication 
and microwave photonics.  
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