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ABSTRACT Flexible photodetector is crucial for the intelligent industrial applications. However, the
optical-sensitive materials are usually grown in a high temperature and then transferred onto the flexible
substrate. This paper reported a directly fabricated flexible photodetector based on TiO;-doped Graphene
Nanosheets Embedded Carbon (GNEC)film. An Electron Cyclotron Resonance (ECR) system was
employed to in-situ deposit TiO,-doped GNEC film on a polyimide substrate, which were subsequently
sensitized with N719 dye to fabricate the TiO, @ GNEC photodetector. The GNEC film contains vertically
aligned Graphene Nanosheets (GNs), which exhibit high-density edge states. The edge states suppress
the recombination rate of photo-generated electron-hole pairs, thereby significantly enhancing the photo-
responsive performance. The photodetector demonstrates a high photo responsivity of 0.82 mA/W and a
response time of 1.93 seconds. Due to the in-situ manufacturing capabilities of the ECR system, which
avoids defects from secondary material transfers, the photodetector array exhibits excellent consistency

and achieves clear recognition of light patterns in both flat and bent states.

INDEX TERMS Photodetector, nanomaterials, cyclotron resonance, vertical graphene.

I. INTRODUCTION

Photodetectors are widely used in biochemical assays
and industrial production, with flexible and array-based
photodetectors becoming a hot research topic in recent
years [1], [2], [3]. In the fabrication process of flexible pho-
todetectors, the photosensitive materials are usually grown at
high temperature on a rigid substrate, and then transferred to
a flexible substrate [4]. Developing a method for integrated
fabrication of flexible photodetectors at low temperatures is
a key requirement in this field [5], [6]. TiO;, as a crucial
wide-bandgap n-type semiconductor material, is extensively
applied in the field of photodetection [7], [8], [9]. It has
a relatively wide bandgap, which requires activation by
dyes [10], [11]. Graphene, with its unique physical and
chemical properties, holds immense value in the development
of photodetector devices [12], [13], [14].

Researchers use various methods to enhance the
performance of photodetectors. They have designed Schottky
heterojunction structures to augment photon absorption and
provide stable electron pathways [15]. Sputtering doping
coupled with narrow-bandgap semiconductor coupling, sen-
sitization through active dyes, and enhanced light absorption
have been explored [16]. Solution composite systems have
also been considered as a feasible approach to further
enhance their optoelectronic performance [17]. The morpho-
logical control of nanomaterials plays a crucial role in their
performance, and the performance of optoelectronic devices
can be adjusted by reasonably modifying the morphology
of nanomaterials [18], such as the modification of nanotube
surface scroll-like microstructures and flake-like graphene
quantum dots [19], [20]. However, the zero bandgap of
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FIGURE 1. The fabrication of Ti0, @GNEC photodetector array. (a) Diagram
of ECR system. (b) Diagram illustrating growth of GNs with TiO, doping.
(c) The structure of a photodetector array. (d) In a single photodetector,
TiO, particles and GNs are uniformly dispersed within an amorphous
carbon film. dye molecules adsorb on the surface of TiO, particles. (e) The
fabrication process of a photodetector array: (i) In-situ growth of
TiO,-doped GNEC film spot on a polyimide substrate utilizing a metal
mask template, (ii) Immersion in N719 solution for 8 hours, (jii)Printing
connection points of the photodetector array using silver paste, physical
demonstration of Ti0, @GNEC photodetector array.

planar graphene results in the lack of an electron capture
center [21]. The secondary transfer process of optoelectronic
functional materials also brings additional defects.

In this work, we utilized an Electron Cyclotron Resonance
(ECR) system to directly manufacture a TiO»-doped
graphene nanosheets embedded carbon (GNEC) film. The
TiO, @GNEC photodetector array was fabricated through a
simple post-processing method. This ECR system deposits
materials in the form of atoms or nanoparticles directly
onto flexible substrates, eliminating the need for secondary
transfer and ensuring the integrity and strong adhesion
of these materials to the substrate. Compared to planar
graphene, the vertically aligned Graphene Nanosheets (GNs)
in the GNEC film have high-density edges, forming electron-
capturing centers. During the process of electron capture
and release, GNs suppress the recombination rate with
photogenerated holes, significantly extending the lifetime
of photogenerated electrons and holes. The TiO, @GNEC
photodetector exhibits a photo-responsivity of 0.82 mA/W
and a response time of 1.93 seconds.

Il. FABRICATION OF FLEXIBLE TIO, @GNEC
PHOTODETECTOR

Fig. la shows the preparation of TiO;-doped GNEC film.
In the vacuum chamber of the ECR system, the polyimide
(purchased from LG Chem) substrate undergoes degreasing
treatment with acetone, followed by cleaning with anhydrous
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ethanol, and then covered with a mask. The target material
for ECR, anatase-phase TiO;, was placed in the upper
target holder. The chamber was evacuated to 1x10~* Pa and
stabilized argon gas was introduced to provide the necessary
material for electron cyclotron resonance microwave plasma.
Subsequently, the electrical current of the left and middle coil
was adjusted to 40A, followed by adjusting the microwave
power knob to 500W to excite the electron cyclotron
resonance effect. Under the excitation of the argon plasma
and the driving of the magnetic field, carbon atoms and TiO;
nanoparticles were deposited on the substrate, resulting in the
vertical growth of TiO,-doped GNEC film on the substrate
(Fig. 1b). Prior to depositing the film, the substrate surface
was cleaned with argon plasma for 3 minutes.

Fig. 1c is a schematic diagram of the final photodetector
array and a single photodetector. The detailed fabrication
process shown in Fig. 1d. There are several steps: (i) The
substrate bias is controlled at +40V to regulate the size
of the GNs. The doping current for TiO, was controlled
at 600 mA to adjust the TiO, doping concentration. The
deposition time for the film was 30 minutes. The 4x4
TiOy-doped GNEC film array is deposited on the polyimide
substrate. (ii) 9mg of solid N719 dye powder (purchased
from HEPTACHROMA) were placed in a light-protected
container, and 25 mL of anhydrous ethanol (purchased from
Macklin) was added in. A homogeneous N719 dye solution
was obtained by stirring the mixture with a magnetic stirrer
in a light-protected environment for 8 hours. The TiO;-
doped GNEC film in the N719 dye solution was immerse
for 8 hours. (iii) The electrodes were drawn out using silver
paste (SCDO2, purchased from Prtronic).

1Il. RESULTS AND DISCUSSION

The morphology of the TiO,-doped GNEC film sample were
observed under FEI Titan Cubed Themis G2300 aberration-
corrected transmission electron microscope (TEM) with an
accelerating voltage of 80kV. EDS spectra were acquired
using FEI Scios, and Raman spectra were obtained using
a laser source with a wavelength of 532 nm from Bruker
Senterra-2.

Fig. 2a shows images of the pure carbon film and
TiO,-doped GNEC film under TEM, with insets showing
their fast Fourier transform (FFT) analyses. The red box
in the FFT image indicates the presence of two Laue
points, corresponding to both sides of a multilayer graphene
structure [22], [23]. The blue box shows circular nanoscale
shadows with a diameter of approximately 4.54 nm, along
with a distinct lattice stripe structure with an interplanar
spacing of 0.238 nm. This result aligns with the structure of
anatase TiO, [24].

Fig. 2b presents the energy dispersive X-ray spectroscopy
(EDS) image of TiO,-doped GNEC film. Panel i in Fig. 2b
illustrates the distribution of carbon elements, panel ii shows
the distribution of titanium elements, panel iii indicates the
distribution of oxygen elements, and panel iv demonstrates
the uniform distribution of carbon, oxygen, and titanium

VOLUME 12, 2024



ZHANG et al.: DIRECTLY FABRICATED FLEXIBLE PHOTODETECTOR

ELECTRON DEVICES SOCIETY

(b)

—— 710, doped GENC fim?
—— GNEC im

g 1 | 13|18
/R
L;

¢ . o, VU VISP WY WV NP

v Anatase —— TiO, doped GNEC film
* Rutile —— GNEC film

g% €

i
« (101)
004)

< (116)

« (215)

I S

600 500 400 300 200 100 O 20 30 40 50 60 70 80
Binding energy(eV)

FIGURE 2. (a) TEM image of TiO,-doped GNEC film: in the FFT image of
the region marked in red, two distinct laue spots are observed, indicating
the presence of GNs, the blue circle indicates anatase phase TiO,. (b) EDS
images of TiO,-doped GNEC film. (c) XPS full spectrum of the original
GNEC film and TiO,-doped GNEC film. (d) XRD spectrum of the GNEC film
and TiO,-doped GNEC film.

elements. The combination of TEM images and EDS images
demonstrates that TiO, and GNs are dispersed uniformly,
achieving atomic and nanoparticulate-level homogeneous
doping. Fig. 2c presents the complete X-ray Photoelectron
Spectroscopy (XPS) spectra of the GNEC film and TiO»-
doped GNEC film. The synthesized samples exclusively
consist of C, O, and Ti. The binding energies for TiO; in
the Ti2p3/2, Ols, and Cls peaks are determined to be 458.4
eV, 529.6 eV, and 284.5 eV, respectively. All peak positions
in the spectra confirm the presence of TiO, and carbon,
indicating the absence of any other significant impurities
in the samples [25]. In Fig. 2d, X-ray Diffraction (XRD)
patterns show diffraction peaks at 25.3°, 37.8°, 48.1°, 62.8°,
68.8°, and 75.1°, corresponding to the anatase phase of
TiO,, which indicates the presence of anatase TiO; in the
GNEC film. Additionally, characteristic peaks of rutile TiO»
are observed at 54.4° and 56.7°, which may result from a
partial phase transformation from anatase to rutile during the
preparation process. This change is possibly influenced by
elevated temperatures.

The possible principle of photoelectric detection for
TiO, @GNEC photodetector is shown in Fig. 3. In a dark
environment, free electrons of GNs migrate in the film
in response to an externally applied electric field bias,
consequently generating a dark current. The predominant
source of these free electrons in this process is GNs. The dark
current is diminished due to the capture effect of electrons
at the edges of GNs. Upon exposure to light, the dye-TiO»
particles can release a substantial number of photo-generated
electrons. Under the influence of an externally applied
electric field bias, these photoelectrons swiftly traverse the
GNs network towards the cathode of the external circuit,
continuously cycling and forming a photocurrent (Fig. 3a-b).
Fig. 3d examines the photo-response of TiO2-doped GNEC
film compared to pure GNEC film. The photo-response
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FIGURE 3. (a-b) The principle of dark current and photoexcited electrons:
dark current primarily originates from the free electrons in GNs.

(c) Schematic illustration of energy level diagram for anatase TiO,, GNs
and N719 dye. (d) The photoelectric response of GNEC film and
TiO,-doped GNEC film to Light of Different Wavelengths.

rate of the N719-sensitized photodetector is significantly
enhanced in the visible light range. The TiO, @ GNEC pho-
todetector exhibits three distinct peak responses at 500 nm,
675 nm, and 750 nm. When compared to pure GNEC
film, the TiO, @GNEC photodetector shows a substantial
improvement in the maximum response rate, increasing
from 1.49 mA/W under 775 nm wavelength illumination to
4.4 mA/W under 750 nm wavelength illumination, a nearly
threefold increase.

Under illumination, electrons from the highest occupied
molecular orbital (HOMO) of N719 dye are excited to
the lowest unoccupied molecular orbital (LUMO) level and
injected into the conduction band of TiO,. This results
in a high absorption intensity of the photodetector in the
visible light range of 400nm-780nm, providing a wider
range of light detection. The high-density edge states of
GNs act as electron-capturing centers, enabling efficient
separation of holes and electrons. This allows rapid injection
of photoelectrons, and the electrons in the conduction
band flow into the external circuit under the influence
of an external electric field, generating photocurrent. The
oxidized dye molecules accept electrons from the external
circuit, regenerating the dye molecules to their reduced
state [26], [27]. Consequently, this extends the detection
range to include visible light (Fig. 3c). TiO, particles
characterized by high porosity can absorb a greater quantity
of N719 molecules, thereby generating more photoelectrons.
Furthermore, the presence of GNs facilitates the rapid
transport of photogenerated electrons from N719 to the
conduction band of TiO,. This process leads to enhanced
charge transfer performance and improved light collection
efficiency.

As shown in Fig. 4a, under dark conditions, the flexible
substrate sample reaches a peak dark current of 19.8nA at
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FIGURE 4. (a) The dark current and photoelectric current response of

TiO, @GENC photodetector. (b) Switching cycle curve of TiO, @GNEC
photodetector with a switching interval of 5 seconds. (c-d) The rise and fall
time response of TiO, @GNEC Photodetector.

a +5V bias. Under illumination, the maximum photocurrent
is 9.1nA. The extremely low dark current is attributed
to the capture of some photo-generated electrons at the
edges of GNs within GNEC film, this effectively suppresses
the recombination of photogenerated electrons with holes
[28], [29]. This suppression significantly extends the lifetime
of both photo-generated electrons and holes, ultimately
resulting in a higher photo-response in TiO» @ GNEC pho-
todetector. The photodetector has a measured rise time (TF3)
of 1.93 seconds and a fall time (Tr3) of 1.84 seconds
(Fig. 4c-d), with stable response observed over an on-off
cycle with a 5-second interval (Fig. 4b).

The bending stability is a crucial metric for evaluating
flexibility. The flexible TiOp@GNEC photodetector was
gradually bent from 0° to 60° with a step of 15° using the
stretching platform. The quantification of the bending angle
followed methodologies reported in the literature [30], [31].
Point 11 was selected as the testing site (Fig. 1d). The
responsivity at T=0° is 0.82mA/W, while at T=60°, the
responsivity decreases to 0.31mA/W, representing a 37.8%
reduction from the initial responsivity (Fig. 5a). Bending
has a negative impact on the photodetector’s performance,
however, within the tested bending angle range, the flexible
TiO, @GNEC photodetector still maintains a certain level of
photodetection capability. The photodetector was repeatedly
bent 20 times between 0° and 60°, as shown in Fig. 5b.
The maximum photocurrent at 0° decreased from 8.72pA
to 7.91nA, by 9.3% reduction. While at 60°, the maximum
photocurrent decreased from 3.32nA to 2.98uA, a 10.2%
reduction. The photodetection response of all 16 points was
individually tested, and the dark current across all test points
ranged from 2.12nA to 9.35nA (Fig. 5c¢). From Fig. 5d, it
is evident that the photocurrent generated by each point
under illuminations of 0.1mA, 1mA, and 10mA is distributed
within a relatively narrow range, demonstrating the excellent
uniformity of the flexible TiO, @ GNEC photodetector. The
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FIGURE 5. (a) Photoresponsivity at 0°- 60°. (b) Cycle performance testing.
(c) Dark current testing of 16 points. (d) The photocurrent distribution of
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FIGURE 6. Visual imaging testing.

consistency is credited to the ECR system’s in-situ manu-
facturing capabilities, which decrease defects during device
fabrication.

We tested the visual imaging capability of the
TiO, @GNEC photodetector array. The photodetector array
was placed inside a black box with various shadow patterns.
The bottom of the black box on the left was flat, while
the one on the right had a curved surface with a radius of
curvature of 80mm. The TiO;-doped GNEC film remains
firmly attached to the polyimide substrate even under
bending conditions. White light from a spotlight was directed
onto the photodetector array through the shadow patterns.
In this configuration, the points exposed to light exhibited
higher photo-response, while the shaded points showed lower
photo-response. The thermal map of the photodetector array
accurately reproduced the shape of the mask.

Fig. 6 on the left demonstrates the imaging results in
the unbent state, while the right side shows the imaging
results in the bent state. In the bent state, the photocurrent
values at various points decrease when exposed to light,
consistent with the decrease in the photodetection capability
of individual points when bent. The thermal map of the
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photodetector array accurately reproduced the shape of the
mask.

IV. CONCLUSION

In summary, we utilized ECR technology to in-situ grow
TiO;-doped GNEC film array on polyimide substrates.
TiO, @GNEC photodetector array were fabricated by dye
sensitization and printing external circuits. N719 dye sen-
sitization broadened the photo-response range, while the
edge states of GNs effectively separated photo-generated
electrons and holes, enhancing the photo-response rate. The
photodetector exhibited a wide response wavelength range
of 400nm-780nm, a photo-response rate of 0.82 mA/W, and
a response time of 1.93 seconds, which is three times that of
GNEC film. Thanks to the in-situ manufacturing advantages
of ECR, the 16-detector array points demonstrated excellent
consistency and were able to accurately recognize patterned
light sources even in a bent state. This study provides
an effective method for the direct fabrication of high-
performance photodetectors on flexible substrates.
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