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Supplementary Figure 1. Comparison of TiO; and Ti,O;. (a,b) Crystal structures of
anatase TiO, and corundum Ti,03. (¢,d) HRTEM images and corresponding selected
area diffraction (SEAD) patterns of anatase TiO, and corundum Ti,0;. (e,f) X-ray
diffraction (XRD) patterns of anatase TiO, and corundum Ti,O;. (g,h) Raman
spectrum of anatase TiO, and corundum Ti,Os. (i,j) X-ray photoelectron
spectroscopies (XPS) of anatase TiO, and corundum Ti,0s. (k,l) Absorption spectrum

of anatase TiO, and corundum Ti,05;.
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Supplementary Figure 2. Size distribution of the Ti,O; nanoparticles in ethanol

solutions. The average size is ~ 200 nm.

Supplementary Figure 3. TEM images of Ti,03 nanoparticles with different sizes. The

scar bar in (a) is 50 nm, the scale bares in b-e are 100 nm.
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Supplementary Figure 4. Experimental setup of the photodetection measurement.
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Supplementary Figure 5. Time-dependent photocurrent measurements under mid-
infrared laser illumination with wavelengths ranging from 4.0 um to 7.0 um. The

diameter of the laser spot is 3 mm.
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Supplementary Figure 6. I-V, curve of bilayer graphene FET measured under

ambient conditions.
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Supplementary Figure 7. 14-V, curve of tri-layer graphene FET measured under

ambient conditions.
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Supplementary Figure 8. Temporal photocurrent of the hybrid graphene/Ti,03
photodetector measured under 10 pum QCL laser illumination with monolayer

graphene.
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Supplementary Figure 9. Laser power dependences of the photocurrent measured with
hybrid graphene/Ti,03 photodetectors with different layers of graphene. Error bars

represent standard deviation.
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Supplementary Figure 10. Size dependence of the photocurrent of the hybrid

graphene/Ti,03 photodetectors. Error bars represent standard deviation.
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Supplementary Figure 11. Raman spectrum of thin film Ti,O; grown on graphene.
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Supplementary Figure 12. Experimental illustration of fabrication of Ti,Os thin film

on graphene FET.
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Supplementary Figure 13. Photocurrent of three samples with different Ti,O;
thicknesses.



Supplementary methods

Material characterization: The SEM images are measured using the field emission
scanning electron microscopy (FESEM, JEOL JSM-6340F). The high-resolution
TEM and electron diffraction pattern images are taken on JEOL JEM-2010. The
crystallographic phases of the sample are determined by Bruker D8 ADVANCE
diffractometer, equipped with the Cu Ko radiation source and LynxEye detector.
Raman measurements are carried out with a confocal micro-Raman system (WITec
alpha300) at ambient conditions, using a diode laser (excitation wavelength is 532
nm). Before the measurement, the system is calibrated with Si substrate with the
Raman peak located at 520 cm™ and the laser power is kept by less than 0.5 mW to
avoid laser induced damage of the graphene sample. TEM images and EDS spectrum
are collected by an FEI Titan®' commercial TEM, operated at 300 V. The XPS spectra
are carried out by using a Thermo Kalpha spectrometer with monochromated Al K
alpha radiation, a dual beam charge compensation system and a constant pass energy
of 50 eV. The adventitious Cls peak set to 285.00 eV is employed for signal
calibration.

Light absorption. The absorption spectra for Ti,03 nanoparticles are measured using
the Varian carry 60001 spectrophotometer and FTIR. The spectra, collected from 200
nm to 1400 nm, are measured in the transmission mode when the nanoparticles are
dispersed in ethanol, using the 6000i spectrophotometer. The background from quartz
cuvette and ethanol has been deducted. The absorption spectra of Ti,O3 nanoparticles
are measured in the transmission mode by FTIR, where the nanoparticles are dropped
on a KBr substrate. The background from KBr substrate is deducted. The

measurements are all performed in the ambient conditions.



First-principle calculations. The electronic structure and DOS are studied by the
hybrid function in view of the HSE exchange'™, which are performed based on the
projector augmented wave approach in the Vienna ab initio simulation package’. The
Hubbard U.g (=U-J) is imposed on Ti 3d orbitals with the Dudarev implementation®.
The crystal structure of electronic self-consistent interactions is optimized by using a
plane-wave cut-off energy of 450 eV, and a I'-centered Monkhorst-Pack k-point mesh
of 5x5x%5.

FET device fabrication process: Atomic-layer graphene flakes are mechanically
exfoliated from a crystal of highly oriented pyrolytic graphite (HOPG) using adhesive
3M-tape and deposited on a silicon wafer with a 285-nm thermalized SiO, layer. The
location and quality of graphene are identified by optical contrast using an optical
microscope and Raman spectroscopy. Then, graphene-based FETs with a heavily
doped silicon substrate as the back-gate electrode are fabricated by standard
photolithography and e-beam evaporation. The optical images of the devices are
shown in Figure S3 to Figure S5. Consequently, the Ti,O3 nanoparticles are dispersed
in ethanol solution (~5%, wt %) and spin-coated on the surface of the graphene

channel (4000 rpm). The devices are then dried in an oven under 80 °C for 12 hours.



Supplementary Note 1

Characterization: The SEM images are measured using the field emission scanning
electron microscopy (FESEM, JEOL JSM-6340F). The high-resolution TEM and
electron diffraction pattern images are taken on JEOL JEM-2010. The
crystallographic phases of the sample are determined by Bruker D§ ADVANCE
diffractometer, equipped with the Cu Ko radiation source and LynxEye detector.
Raman measurements are carried out with a confocal micro-Raman system (WITec
alpha300) at ambient conditions, using a diode laser (excitation wavelength is 532
nm). Before the measurement, the system is calibrated with Si substrate with the
Raman peak located at 520 cm™ and the laser power is kept by less than 0.5 mW to
avoid laser induced damage of the graphene sample. TEM images and EDS spectrum
are collected by an FEI Titan®" commercial TEM, operated at 300 V. The XPS spectra
are carried out by using a Thermo Kalpha spectrometer with monochromated Al K
alpha radiation, a dual beam charge compensation system and a constant pass energy
of 50 eV. The adventitious Cls peak set to 285.00 eV is employed for signal
calibration.

Light absorption. The absorption spectra for Ti,O3 nanoparticles are measured using
the Varian carry 60001 spectrophotometer and FTIR. The spectra, collected from 200
nm to 1400 nm, are measured in the transmission mode when the nanoparticles are
dispersed in ethanol, using the 60001 spectrophotometer. The background from quartz
cuvette and ethanol has been deducted. The absorption spectra of Ti,O3 nanoparticles
are measured in the transmission mode by FTIR, where the nanoparticles are dropped
on a KBr substrate. The background from KBr substrate is deducted. The

measurements are all performed in the ambient conditions.



First-principle calculations. The electronic structure and DOS are studied by the
hybrid function in view of the HSE exchange'™, which are performed based on the
projector augmented wave approach in the Vienna ab initio simulation package’. The
Hubbard U.g (=U-J) is imposed on Ti 3d orbitals with the Dudarev implementation®.
The crystal structure of electronic self-consistent interactions is optimized by using a
plane-wave cut-off energy of 450 eV, and a I'-centered Monkhorst-Pack k-point mesh
of 5x5x%5.

FET device fabrication process: Atomic-layer graphene flakes are mechanically
exfoliated from a crystal of highly oriented pyrolytic graphite (HOPG) using adhesive
3M-tape and deposited on a silicon wafer with a 285-nm thermalized SiO, layer. The
location and quality of graphene are identified by optical contrast using an optical
microscope and Raman spectroscopy. Then, graphene-based FETs with a heavily
doped silicon substrate as the back-gate electrode are fabricated by standard
photolithography and e-beam evaporation. The optical images of the devices are
shown in Fig.S3 to Fig. S5. Consequently, the Ti,O3; nanoparticles are dispersed in
ethanol solution (~5%, wt %) and spin-coated on the surface of the graphene channel

(4000 rpm). The devices are then dried in an oven under 80 °C for 12 hours.



Supplementary Note 2

Electrical and optoelectronic measurement: The electrical characteristics were
examined by a semiconductor analyzer (Agilent, BIS00A). The photoresponsivity
measurement was performed in a digital deep level transient spectroscopy (BIORAD)
system with mid-infrared lasers (Tunable CW/Pulsed External Cavity Quantum
Cascade Laser, Daylight Solutions from 4.0 um to 7 um and 9.75 pum t010.48 um) to
illuminate the whole devices. The detectivity are calculated based on the following
expressions’:

1
D=—2 (Supplementary Equation 1)

p V 2eldark

where I, and 14, are the photocurrent dark current, P is the illumination power, e is
the electron charge. The experimental setup is shown as Supplementary Figure 4. In a
brief description, the emission wavelength of the quantum cascade laser (QCL) in the
Mid-IR is controlled by the laser controller and is modulated by mechanical optical
chopper, then the laser emission is focused to the sample area by a mid-IR lens. The
electrical signal is collected by a semiconductor measurement system (Agilent
1500A) and analyzed by lock-in amplifier (SR830). We also added the experimental
setup in the revised manuscript and supplementary information. Noise spectra are
acquired by a spectrum analyzer (Keysight M9018A) with biased supplied by Agilent

1500A at ambient conditions.



Supplementary Note 3

The charge transfer from a semiconducting absorber to an adjacent two-
dimensional material is layer-dependent®. In our experiment, as clearly shown in
Figure 4e, the photoresponse of the hybrid graphene/Ti,O; photodetector presents a
noteworthy enhancement when the graphene channel increases from monolayer to
trilayer, which is opposite to the observations in PbS QD sensitized MoS, atomic
layers’. The layer-dependent photoresponse is further verified by the power
dependence of the photocurrents, as shown in Supplementary Figure 9. The
photocurrent increases with the incident laser power, which satisfies the relation:

1,,=CP", where C is a constant and P is the illumination laser power, respectively. We

obtain the fitting parameter y; = 0.78 for the hybrid monolayer graphene/Ti,Os
photodetector, while y, = 0.94 and y; = 1.12 for the bilayer case and trilayer cases,
respectively. Generally, the y wvalue indicates the recombination kinetics of
photocarriers by the trap states in both the carrier injection interface and the transport
channels'’. As a result, the increase of the y value with the increase of graphene layers
can be attributed to the enhancement of the transfer rate of the photoexcited holes
from Ti,O3 to the underneath graphene. The layer-dependent charge transfer
efficiency accounts for the competition between screening and absorption of the
electric field of the dipoles of semiconducting Ti,O3 nanoparticles and the graphene

layer'"".



Supplementary Note 4

The obtained the Ti,Os nanoparticles are dispersed in ethanol assisted by
ultrasonic treatment. Then the Ti,O3 nanoparticles are deposited on the graphene FET
by the spin-coating method with the same spinning speed. As a result, we obtain
hybrid nanoparticle Ti,Os/graphene devices with different particles sizes. The
photoresponse of the devices are measurement with the same conditions with 10 pm
QLC laser as the description in Supplementary Note 2. From the photocurrent
evaluation as shown in Supplementary Figure 10, it is indicated that the photocurrent
increases with the decrease of the size of Ti,O3 nanoparticles from 200 nm to 80 nm,
however, the photocurrent decreases rigidly when the size decreases to 50 nm. The
size dependent photocurrent can be attributed to the trade-off between charge
separation efficiency and light absorption efficiency.

For larger size Ti,O; nanoparticles, the number of nanoparticles in the FET
channel is less. Furthermore, as the size of Ti,O; nanoparticles is larger than the
charge carrier diffusion length (Lp), thus the charge transfer is inefficient. We need to
mention that we are not able to measure the exact value of Lp because the absorption
peak of Ti,03; nanoparticles is in the mid-infrared regime as shown in Figure 1g. For
smaller size Ti,03 nanoparticles, the number of particles on the graphene channel is
more and thus enable a higher light absorption. More importantly, if the nanoparticle
size is near or less than the carrier diffusion length, the charge transfer would be more
efficient than that in larger nanoparticles. This is verified by the increase of
photocurrent while decreasing the nanoparticle size from 200 nm to 80 nm as shown
in Supplementary Figure 10. However, further decrease of the nanoparticle size may
introduce surface defects, which increase the scattering loss and thus decrease the

photocurrent. From our experiments, we conclude that the optimized size of Ti,O3



nanoparticles is around 80 nm which enables both high light absorption and high

charge transfer efficiency.



Supplementary Note 5

Thin film Ti,O3 grown on graphene and its photoresponse

Before the thin film deposition, graphene FETs with multiple electrodes are fabricated
using standard photolithography and e-beam deposition processes. Thin film Ti,O;
are grown on graphene FET using pulsed laser deposition (PLD) method as shown in

415 The Ti,0; powders are compressed into a pellet-shaped

our previous works
target and put in a high-vacuum chamber. The thickness of the thin film Ti,O3 can be
controlled by the deposition time. The Raman spectrum of thin film Ti,O3 is shown in
the Supplementary Figure 11, confirming the growth of corundum phase Ti,0s. After
thin film Ti,O; deposition, the Ti,O3 on the electrode area was etched away by HCI
solution. The fabrication processes are shown as in Supplementary Figure 12.

The photodetectors based on thin film Ti,O3; grown on graphene are measured with
the same conditions with 10 pum QLC laser as the description in Supplementary Note
2. The photocurrent of three samples with different Ti,O; thicknesses is shown as in
Figure 13. The results indicate that thin film Ti,Os/graphene hybrid photodetectors
have a much lower photoresponse (~200 times lower) compared to these of
nanoparticle hybrid graphene/Ti,03 photodetectors. This can be explained by the
following three factors. First, thin film Ti,O; has less confinement in the lateral
dimensions, as a result, the charge transfer efficiency in the vertical direction is less
efficient because the carriers are favor of lateral diffusion. Second, the Raman
spectrum indicates that thin film Ti,O3 has poor crystallinity because the Raman peaks
are broader compared to these of TiO; nanoparticles. As a result, the defect

concentration and carrier scattering loss in thin film Ti,Os is higher. Third, thin film

Ti,03 need to be grown be a high-temperature PLD method, graphene channel might



degrade during the growing process and thus decrease the performance of the

photodetectors.
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