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1. Additional structural and optical characterizations

1.1 SEM and TEM characterizations

Figure S2. (a) TEM images of and (b) HR-TEM images of TO-1-750. Inset is the

SAED pattern, confirming that formation of Ti,O; phase with an orthorhombic

structure.

The morphology of the samples as observed by SEM indicate agglomeration of the
NPs, while these oxide NPs can be dispersed in water with the assistance of ultrasonic
agitation to form stable colloid (as shown in Figure S3). For the sample obtained at a

higher reaction temperature (750 °C), strong aggregation of the NPs can be observed
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due to a sintering effect. From the SEAD pattern, the crystal phase in sample
TO-1-750 is identified to be orthorhombic Ti,Os, which is in consistence with the

XRD result (see Figure 2f in the main text).

1.2 Optical characterizations
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Figure S3. (a) Absorption spectra of the aqueous dispersions of the samples
(concentration: 0.5wt%). Inset is the photographs of the dispersions. (b) Comparison
of the Ti-2p high resolution XPS spectra for different samples. (¢) The fraction of Ti3*

and Ti*" for different samples calculated from the XPS spectra.
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Figure S4. Tauc plot based on the reflectance spectra (after conversion by the

(-

2
Kubelka-Munk function, with F(R) =" RR) ), where R is the reflectance) for

different samples: (a) anatase TiO,; (b) TO-0.3-650; (¢) TO-0.5-650; (d) TO-0.7-650.

The absorption spectra measured for the colloidal dispersion of the samples show

S4



clear transition of optical properties with the increase of oxygen deficiency.
Especially, for samples TO-0.5-650 and TO-0.7-650, a broadened absorption band
located in the near infrared (NIR) region is observed, which can be explained by the
localized plasmon resonance arise from conduction electrons in metallic materials.
This result agrees with the XRD and XPS that confirm the formation of metallic
Magnéli phases (Ti,O; and TizO;). From samples with a low level of oxygen
deficiency (TO-0.3-650, TO-0.5-650 and TO-0.7-650), we observe a clear decrease of
bandgap values from 3.25 eV (for anatase) to 2.70 eV (TO-0.7-650) from the Tauc

plot presented in Figure S4.
1.3 Electronic band structure

We note that DFT calculation could underestimate the bandgap values, while the
results can be used in the semi-quantitative manner for the analysis of the optical
properties and nonlinear optical response. As can be seen in Figure 4b, the oxygen
vacancies in the anatase structure create an isolated band below the conduction band
and this is supported by the decrease in optical bandgap for samples with increasing
level of oxygen deficiency. For TiyO; and Ti,0s;, their electronic band structures
confirm metallicity as the filling of Ti-3d band pushes Fermi level upward to cross the

conduction band that are of primarily Ti-3d character (see Figure 4 in the main text).

2. Mathematical formulations and additional NLO measurements

2.1 Mathematical formulations

According to the nonlinear absorption theory,! the absorption coefficient a(7) consists
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of the linear absorption coefficient ¢ and the nonlinear absorption coefficient oy,
that is

a(l) =ag+ ayl (S1)
and ¢ can be obtained by Lambert formula

T=¢ % (S2)
The imaginary part (Imy®) and quality factor (Figure of Merit , FOM) of the
third-order nonlinear susceptibility are expressed as

Im y® = (10 7cAn?)ay,/(96m?) (53

Im x®

FOM =

. (S4)
where c is the speed of light and n is the linear refractive index of the material.
According to the well-established NLO theory, the RSA curves of the open aperture
Z-scan for n-photon absorption can be fitted by:?

1 n—15(n
Thpa=1-— ﬁan(IO) L¢ f (S5)
where Lg’}} is the effective path length in the sample for n-photon absorption (nPA)

and is given as Lefr = (1 —e = 1)MOL)/[(n — 1ag] (L is sample thickness).

The 2PA cross-section (05) is calculated according to:3

h'V(XNL
No

02 = (56)
The transient process of saturable absorption was fitted by double exponential decay
function

T(tw) =a(w) - e 7 +b(w) - e " +c(w) (S7)
where a and 7; represent the decay coefficient and decay time constant of the fast state

process. b and 7, represent the decay coefficient and decay time constant of slow state
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process, respectively. ¢ represents the linear transmittance of the sample at different

wavelengths.

2.2 Power-dependent Z-scan measurement
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Figure S5. Z-scans curves under different optical power density for (a) TO-0.7-650;
(b) TO-1-650 dispersed in alcohol.

It is observed from Figure S5 the transmittance change is dependent on the optical
power density at the focus. By fitting the Z-scan curves we obtained the nonlinear
absorption coefficients for different power densities, which are given in the insets. For
both samples we observe an increase in o With the rise of power density, which can

be generally explained by the saturation effect.
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2.3 List of NLO parameters and comparison with contemporary materials

Table S1. Calculation of NLO parameters for the examined samples.

Sample T ONL Imy? FOoM
(%) (cm) (cm/ GW) (esu) (cm-esu)
MT-0.3 81.4 2.06 0.0207 1.32 x 1014 6.41 x 10°15
MT-0.5 73.3 3.11 -0.0337 -2.16 x 1014 6.95 x 10°15
MT-0.7 70.0 3.57 -0.0475 -3.04 x 1014 8.52 x 1013
MT-1 32.3 11.30 -0.172 -1.10 x 1013 9.73 x 10°15
MT-1-750 31.5 11.50 -0.248 -1.59 x 103 -1.38 x 10°14

Table S2. List of measured NLO optical properties of noble metal NPs and other

systems.
) Laser ONL Imy’ FOM
Materials parameters (cm/ GW) (esu) (cm-esu)
TO-1 1030nm, 230fs -0.172 -1.10 x 1013 9.73 x 1015
TO-1-750 1030nm, 230fs -0.248 -1.59 x 10-13 -1.38 x 1014
Au nanorods*  800nm, 220fs -1.5 -1.2x 1012 3.00 x 10-14
MoSe,? 800nm, 100fs -0.017 -0.98 x 1014 1.88 x 10715
MoS,5 800nm, 100fs -0.0046 -2.52 x 10°13 1.06 x 10715
BP’ 800nm, 100fs -0.0682 9.92 x 10714 8.81 x 1015
B-AsP? 1800nm, 100fs -0.23 — —
Ni-MOFs’ 1060nm, 95fs -0.039 33 x 10714 —

The results given in Table S1 show the calculated NLO parameters based on the

fitting of Z-scan curves. In addition to the inversion of NLO absorption coefficient

(anp), it 1s clear that the NLO parameters are dependent on the linear absorption.

However, the FOM values of our samples and other 2D materials all fall into the

range of 10-14 - 10°15,
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3 Pulse laser setup and additional experimental results

3.1 Pulse laser setup
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Figure S6. Schematic diagram of (a) the I-scan setup for the measurement of NLO

absorption of the samples; (b) the pump-probe experimental setup.
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Figure S7. Photograph of (a) the 1.0 um fiber laser; (b) the 1.5 um fiber laser. (c) the
degenerate pump-probe setup; (d) Photograph of a PVA/NPs film attached onto the
facet of a fiber connector. The schematic diagram for (a) is given in the main text

(Figure 5c).

In the present work, the I-scan measurement can be considered as an alternative
method for determining the NLO absorption of samples. The results of I-scan are in
fact more relevant to pulse laser application as it directly measures the modulation
depth (NLO absorption) based on power-dependent transmission at the laser

wavelength.
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3.2 Additional results on pulse laser generation

A. Q-switched pulse output at 1.5 pm based on the switch fabricated from

TO-0.7-650
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Figure S8. Q-switched pulse laser output based on the switch fabricated from

TO-0.7-650: (a) the Q-switched laser spectrum; (b) pulse energy and output power

versus pumping power; (c¢) pulse width and repetition rate versus pumping power; (d)

pulse trains with different repetition rate.

In our laser experiments, we fabricated 5 optical switches using the examined samples

and Q-switched pule generation at 1.5 um is only observed for the optical switch

fabricated from TO-0.7-650. As can be seen from Figure S8, the maximum output

power reaches 10 mW at the pumping power of around 475 mW.
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B. Q-switching pulse output at 1.5 um based on the switch fabricated from

a 5o
@ experimental data
40 —— fitted curve
S pFmmmmmmmm - i
= 30
o a
@ >
‘E 204 #”Modulation depth = 26.14%)|
-
1018 I_=59.256Wfcm”

T
E

w
Output power (mW)

T
N

0 40 80 120 160
c Fluence (GW/cmz)
120
—— Pulse energy
100+ —n— Qutput power
:?
£
Z 80
o
c
(7]
¢ 604
&0
=]
a
40
-
20 T v T T
30 60 90 120 150

Pump power (mW)

T
-

-204

40

Intensity (dBm)

—— MT-1-750

1070 nm

1040 1060
Wavelength (nm)

1080

1100

o
o
N

N
o
!

Pulse width (ps)

=
[=}
N

-
(92

—e— Pulse width

—s— Repetition ,-aty

g

48

T T T
w e B
[} o L

Repetition rate (kHz)

T
[
N

40 60 80 100 120
Pump power (mW)

140

Figure S9. Q-switched pulse laser output based on the switch fabricated from

28
160

TO-1-750: (a) NLO absorption measured by I-scan method, recording a modulation

depth of 26.14%; (b) the Q-switched laser spectrum; (c) pulse energy and output

power versus pumping power; (d) Pulse width and repetition rate versus pumping

power.

S12



C. Mode-locked pulse output at 1.0 um based on the switch fabricated from

TO-1-750
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Figure S10. Mode-locked pulse laser output based on the switch fabricated from

TO-1-750: (a) laser spectrum at 1.0 um; (b) pulse train with a repletion rate of 20
MHz.

From Figures S9 and S10, the optical switch fabricated from sample TO-1-750 can
drive both Q-switched and mode-locked pulse generation at 1.0 um. This is the only
optical switch that realized mode-locked pulse output in our experiment. The
differences in the performances of the fabricated switches can be explained by the
variation in linear and nonlinear optical properties in the series of Ti-oxide NP

samples.
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3.3 Comparison of pulse laser performances
Table S3. Comparison of pulse laser performances (Q-switching) with lasers driven

by optical switches made from other materials.

Opt'ical Wavelength P1.115e Pulse Output  Repetition  Ref.
switch width energy power rate

MoS, 1066.5 nm 5.8 us 32.6nJ 0.9mW  28.9kHz 10
MoSe, 1060 nm 2.8 us 116 nJ 8.72mW 749 kHz 1
BP 1064.7 nm 2.0 us 11.7n] 3.2 mW 76 kHz 12
Bi,Te; 1056.5 nm 1.0 ps 38.3n) 295mW 77 kHz 13
Bi,Ses 1067 nm 1.95 us 17.9n) 046 mW 29.1 kHz 14
Fe,05 1038 nm 2.2 us 38.2nJ 2.6 mW 28 kHz 15
Fe;04 1030 nm 1.63 us 50.3 nJ 498 mW 102.2 kHz 16

TO-1 1068 nm 105ps  844nJ  89mW 105.5kHz S

work

TO-1-750 1070 nm 1.0 ps 107 nJ S50 gakm, M

mWwW work

From the comparison given in Table S3, one peculiar feature of the optical switches
developed here is that they enable much higher output power (and pulse energy) as
compared with the pulse laser systems driven by optical switches made from other
materials. This result indicates high stability of the developed optical switches, which

is benefited from the high stability of the materials we developed.
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