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High-performance transparent all-carbon photodetectors based
on the semiconducting single-walled carbon

nanotube/fullerene heterojunctions

ZHANG Luo-xi, YIN Huan, CHEN Yue, ZHU Ming-kui, SU Yan-jie’
(Key Laboratory of Film and Microfabrication (Ministry of Education), School of Electronics, Information and
Electrical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China)
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Abstract: Taking advantage of the high absorption coefficient, excellent photoelectric properties, and high
carrier mobility of Single-Walled Carbon NanoTubes (SWCNTSs), high-performance, transparent, all-carbon
Field-Effect Transistor (FET) photodetector has been constructed with a high transmittance more than 80% in
the visible light band, in which semiconducting SWCNT (sc-SWCNT)/fullerene (Cg) heterojunctions as the
channel materials, patterned metallic SWCNT film as source/drain electrodes, graphene oxide (GO) as the
dielectric layer, and Indium Tin Oxide (ITO) as a transparent gate electrode. The electrical test results show
that the photodetector exhibits a strong gate-tunable characteristics, and achieves a broadband spectral re-
sponse from 405 to 1064 nm in the visible-near infrared spectral region. Under 940 nm illumination with a
light density of 5 mW/cm?, the maximum photoelectric responsivity of 18.55 A/W and a specific detectivity

of 5.35x10"" Jones can be achieved.
Key words: single-walled carbon nanotubes; Fullerene; all-carbon heterojunctions; high transparency; field-
effect transistor photodetector
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1 Introduction

Due to the rapid development of semiconduct-
or technology and information science, the research
on photosensitive devices has received extensive at-
tention. Photosensitive devices play a crucial core
role in modern optical detection, optical communic-
ation, optical information processing, and optical
control technologies in industrial technology, na-
tional defense, military, and civilian fields. As the
scale and diversity of applications are increasing,
the demand for light detection devices with higher
speed, high conversion efficiency or wide wave-
length range, flexibility, and transparency is becom-
ing more prominent. Moreover, there are increasing
requirements for the operational performance of
photodetectors, such as high sensitivity and respons-
ivity as well as fast response speed, low noise and
low power consumption of the devices in the operat-
ing wavelength band'l. Kobe University™” has de-
veloped an infrared sensor with high responsivity
at RT, and the central part of the device is an
Aly;Gag;,As/GaAs heterostructure. The maximum
photoelectric responsivity of 0.8 A/W and a specif-
ic detectivity of 1.8x10'" Jones are achieved at about
6.6 pm at a bias of 1V. Although conventional silic-
on-based photodetectors have the advantages of ma-
ture preparation process and low cost, the wide band
gap of silicon materials (=1.12 eV) limits the range
in working wavelength®™. In addition, the energy
band structure of the indirect band gap of silicon
material makes it impossible to achieve high-effi-
ciency photoelectric conversion, especially in the
field of transparent optoelectronics. In this field, the
light absorption capacity of materials such as silic-
on, germanium, indium gallium arsenic and other

materials with high transparency is drastically re-

doi: 10.37188/C0.2022-0243

duced, making it difficult to achieve the perfect in-
tegration of high transparency and high optoelec-
tronic performance. At present, most photoactive
materials used in photodetectors are inorganic, and
the manufacturing process of these materials re-
quires high temperature and high energy consump-
tion, and the growth process needs to use many
complex methods. These methods are complex,
sensitive to process fluctuations, and have high tech-
nical requirements. In addition, the processes and
photoactive materials themselves typically contain
harmful elements such as lead, mercury, cadmium
and arsenic. Therefore, the development of NIR
photodetectors based on new materials has gradu-
ally become a research focus in recent years.

Since the 1960s, the emerging field of organic
electronics has made tremendous progress in catch-
ing up with inorganic semiconductor technology and
now offers alternatives for many optoelectronic ap-
plications. The development of inorganic materials
is currently dominated by inorganic semiconductors
or metals, such as transparent electrodes, thin-film
transistors, solar cells, and photodetectors. Among
them, low-dimensional nanoscale materials have at-
tracted much attention for their potential applica-
tions in new printable, highly integrated flexible and
self-powered photochemical UV-NIR broad-spec-
trum photodetectors.

In recent years, allotrope structures of carbon
such as fullerenes (Cg), carbon nanotubes, and
graphene have attracted a great deal of research in-
terest and experimental applications due to their su-
perior chemical, physical, mechanical, and electron-
ic properties. Depending on the chemical properties,
some of these carbon materials are metallic and
some are semiconducting and can form insulating
oxides. Therefore, the use of these materials in com-

bination to fabricate new optoelectronic devices
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composed entirely of carbon-based materials offers
some attractive possibilities for the development of
next-generation electronic devices. Carbon-based
materials are very abundant on Earth®* and can be
dispersed and deposited using solution processes, so
they can be used directly in well-developed tools
and processes, and these advantages lay the found-
ation for the development of carbon nanomaterials
for research and applications. Due to their excellent
electrical conductivity, high transparency and high
robustness, carbon nanomaterials have received high
attention, especially Single-Walled Carbon Nano
Tubes (SWCNTSs). As a typical quasi one-dimen-
sional nanomaterial, SWCNTs have special electric-
al and optical properties’®” and have been extens-
ively investigated in various application fields, such
as transistors and solar cells®. According to their
diameters and chirality, SWCNTs exhibit semicon-
ducting or metallic characteristics!”. The band gaps
of semiconducting SWCNTs (sc-SWCNTs) with
different diameters vary from 0.5 to 1.2 eV. Due to
their ultra-high carrier mobility (10° cm*Vs), high
absorption coefficients (10*~10%cm), and long ex-
citon diffusion length, sc-SWCNTSs are commonly
used as active materials for high-performance car-
bon-based photodetectors!'!"'?. In addition, the elec-
tron transition of sc-SWCNTs is sensitive to polar-
ized light due to their specific angular momentum in
its subband gap, thus further expanding the detec-
tion applications of sc-SWCNTs-based photodetect-
ors!*!*. Due to the above unique properties, sc-SW-
CNTs have become an ideal material for light en-
ergy collection in broadband light detection.

There have been numerous reports on the re-
search and applications of various photosensitive
devices based on sc-SWCNTs. Researchers from
Peking University!* have developed an asymmetric
structure based SWCNT photovoltaic type IR de-
tector with a responsivity of 9.87x107 A /W and a
detectivity of 107 Jones. This type of IR detector has
the advantages of simple process and no cooling IR

detection at RT. L Peng's team"% also reported a

high-performance photodiode based on carbon nan-
otubes treated by a dopant-free technique solution,
which can operate at RT and zero bias. The broad-
band response range of the detector is 785 ~
2100 nm, and the detectivity exceeds 10" Jones.
However, the photogenerated electron/hole pairs in
sc-SWCNTs usually remain in the exciton state, and
the separation of excitons usually requires a strong
electric field or an internal electric field to generate
photocurrents in the external circuit. Therefore, the
dissociation and transfer of excitons need to be en-
hanced by combining with other materials such as
bulk semiconductors, nanomaterials, and polymers

1 Due to its spherical

to form heterojunctions!
structure, Cg has a high electron affinity and re-
quires less recombination energy during electron
transfer. Therefore, Cg4, tends to accelerate forward
electron transfer and slow down reverse electron
transfer, resulting in long-lived charge-separated

states?0-22

. In various optoelectronic applications,
Ceo is commonly used as an efficient trapping mater-
ial for photogenerated electrons, which generates
higher photocurrents by trapping light-generated
carriers and enabling longer carrier recombination
lifetimes'™-%, In addition, the all-carbon heterojunc-
tion constructed from sc-SWCNTs and Cg, can also
avoid interfacial atomic layer diffusion to a certain
extent, which is more favorable for the dissociation
of photogenerated electron-hole pairs!'®. A novel
photodetector based on graphene nanoribbons-Cg,
heterostructures is prepared by Prof. Wang's group
at Nanyang Technological University, Singapore. It
can achieve a high photoresponsivity of 0.4 A/W
under mid-infrared laser irradiation at room temper-
ature, which enhanced the photoresponsivity of the
transistor by about an order of magnitude over that

21 This high performance is

of pure graphene!
achieved by the high electron capture efficiency of
the Cq film deposited on the graphene nanoribbon.
Such carbon material heterojunction photodetectors
pave the way for the realization of flexible and

broadband photodetectors for various applications



1246 R EDG2E (P

16 %

such as imaging, remote sensing, and infrared cam-
era sensors. On the other hand, field-effect transist-
ors usually use gold as the electrode material,
however, the use of gold will decrease optical trans-
parency, while the use of metal-free devices such as
SWCNT can not only achieve optical transparency
and mechanical robustness, carbon-based conduct-
ive material also have advantages over other metal
contacts in electrical contact carbon nanostructures.
Therefore, this paper constructs a transparent,
all-carbon field-effect transistor-type photodetector
based on sc-SWCNT/ Cgy heterojunctions, metallic
SWCNTs as source-drain electrodes, graphene ox-
ide (GO) as the dielectric layer, and indium tin ox-
ide (ITO) as the transparent gate. The high transmit-
tance of the device was demonstrated by character-
izing the light transmission of the sample by UV-
Vis-NIR spectrophotometer. The modified sc-SW-
CNT material is characterized and analyzed by scan-
ning electron microscopy and Raman spectroscopy
for microscopic morphology and charge transfer
level, and the results show that Cg4y played a p-type
doping role for sc-SWCNT. The electrical tests
demonstrate that the device has a more sensitive
photoelectric response to visible-near-infrared light
in the 405~1064 nm band, expanding the applica-
tion of the photodetector in next-generation trans-
parent technologies such as smart windows and arti-

ficial intelligence glasses.

2 Experiment

2.1 Preparation of sc-SWCNT/ Cg, all-carbon de-

vices

First, the (6,5) SWCNT dispersion was pre-
pared. 0.5 mg of (6,5) SWCNT powder (Sigma-Ald-
rich) was weighed and dispersed into 10 mL of
aqueous sodium dodecyl sulfate (SDS) solution
(0.01 g/mL). After 2 h of ultrasonic treatment in an
ice bath, the inadequately dispersed (6,5) SWCNT
powder was removed by centrifugation at 14 000 rpm

for 30 min, and the supernatant after centrifugation

was diluted 5 times to obtain a homogeneous (6,5)
SWCNT dispersion. Then, GO films were prepared
by vacuum extraction and filtration method and
used as the dielectric layer of the transistors. After
diluting the GO aqueous solution and sonicating at
low temperature for 1 h, 10 mL of the dispersion
was gradually added to a vacuum filtration device
containing a 0.22 pm cellulose membrane and
filtered to form a homogeneous GO film. After fil-
tering the aqueous solution, excess deionized water
was added to clean the excess SDS in the film
3 times to reduce its effect on the film performance.
Finally, the GO films on the cellulose membranes
were dried in a vacuum oven at 40 °C for 2 h. The
aqueous graphene oxide solution was replaced with
a homogeneous dispersion of metallic SWCNT in
deionized water (0.05 mg/mL). Vacuum filtration
was performed in the same way as described above
to obtain uniform and dense conductive sc-SWCNT
films as a backup material for the source-drain elec-
trode.

ITO conductive glass with a thickness of
135 nm was used as the substrate and the gate elec-
trode. First, the ITO conductive glass was cleaned
with deionized water, acetone, isopropanol and eth-
anol in order to remove oil from the substrate sur-
face. Then, the GO film on the prepared cellulose
film was transferred to the ITO substrate, and the
GO film was laminated and spread on the conduct-
ive glass surface using ethanol and water, and then
the cellulose film was dissolved in acetone by soak-
ing in acetone, and washed repeatedly with acetone
to prevent the residual cellulose film on the sub-
strate from affecting the device performance. Then,
the above prepared sc-SWCNT dispersion was de-
posited on the GO surface by spin coating method at
2000 rpm to form a uniform film, and 2 mg of Cg,
was weighed by vacuum thermal evaporation meth-
od to make uniform vaporization onto the surface of
the carbon tube film. The heterojunction of (6, 5)
SWCNT/Cg on the substrate was constructed by an-

nealing at 60 °C for 1 h under vacuum. Finally, the
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metallic SWCNT film obtained by suction filtration
was transferred to the sc-SWCNT/Cyy heterojunc-
tion by repeating the above steps to form a source-
drain pattern. The channel width between the
source-drain electrodes is 200 um and the length is
400 pm.
2.2 Testing and characterization

In this paper, the surface morphology of sc-
SWCNT films/Cg, heterojunctions as well as metal-
lic SWCNT was characterized using a scanning
electron microscope (SEM, Zeiss Ultra Plus, Ger-
many). The transmission spectra were obtained by
characterizing the transmittance of the samples to
light using a Lambda 950 model UV-Vis-NIR spec-
trophotometer (USA). The Raman peak shifts of the
heterojunction were analyzed by Raman spectro-
scopy statistics at an excitation wavelength of
514 nm. The optoelectronic properties of the devices
were evaluated at room temperature using a semi-
conductor parameter analyzer, and the current-
voltage (I-V) curves and current-time (I-T) curves
of the devices were measured under the irradiation
of various monochromatic laser diodes with ad-
justable power as the signal source of the optical
pulses (laser wavelengths including 405, 532, 650,
780, 860, 940 and 1064nm).

3 Results and discussion

The structure diagram of the constructed field-
effect transistor is shown in Figure 1(a), where ITO

and GO form the gate and dielectric layer, sc-SW-

(@) v,

Metallic SWCNT source/drain electrodes

CNT/Cy, heterojunction serves as the conductive
channel, and metallic SWCNT forms the source-
drain electrode. Figure 1(b) shows the optical trans-
mission spectrum within the visible light range of
the channel (sc-SWCNT/Cy, film) region. The inset
shows the physical image of the prepared field-ef-
fect transistor device. It is obvious that almost all
carbon material films deposited on ITO are com-
pletely transparent, and their transmittance is only
10% lower than that of the substrate. When 80% of
the substrate is covered with sc-SWCNT film (form-
ing channels and electrodes), the optical transmit-
tance of the device remains above 80%, indicating
that the design of the device does not affect the light
absorption of the channel layer itself. Figure 2(a)
shows the carbon nanotubes deposited on GO by
spin coating, sc-SWCNT is evenly distributed throu-
ghout the entire region, and no obvious surface dis-
persants or other polymers are visible in the image,
demonstrating the high dispersibility of the nan-
otubes. The carbon tube solution dispersed and cent-
rifuged by ultrasound ensures the uniformity and
density of the sc-SWCNTs film. Figure 2(b) shows
the SEM image of the sc-SWCNT/Cg, composite
film, from which it can be seen that C4 is uni-
formly distributed in the sc-SWCNT film. Figure
2(c) shows the SEM image of the metallic SWCNT
as the source-drain electrode. It can be seen that a
uniform and dense metallic SWCNT film was
formed by suction filtration, which ensures good
conductivity of the source-drain electrode.

Raman spectroscopy is the most used tool for
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Fig. 2 Scanning electron microscope images of (a) sc-SWCNT film deposited by spin coating, (b) sc-SWCNT/Cg, heterogen-

eous composite film and (¢) m-SWCNT film

B2 (a) BERIEDIRUY sc-SWCNT I, (b) sc-SWCNT/Cy SHBZE R A (o) 4JmtE SWCNT MBI T B iBERl

studying carbon nanotubes. Raman spectroscopy
can be used to analyze the doping effect of other
materials on carbon nanotubes™. The change in
doping level can be analyzed by observing the
change in G and 2D peaks in Raman images.
Figs. 3(a) and 3(b) (color online) show the Raman
spectra of pristine and Cg-doped sc-SWCNT films
in G and 2D modes. For sc-SWCNT, the D-peak in
the 1300~1400 cm™ region originates from the sp’
defect in the carbon atom™. The strong tangential
mode (G-peak) near 1580 cm™' arises from the in-
plane vibrations of the sp* hybridized C=C bond in
sc-SWCNT. sc-SWCNTs G-peaks consist of both
G" (LO) and G (TO) modes™”, and the G* peaks
represented by the analyzed LO phonons as well as
the analog peaks of the 2D peaks are shown in light
gray in the figure. After the addition of Cg to the sc-
SWCNTs, a tendency to broaden and shift the two

main peaks, G" and 2D, to higher energies is ob-

(@ 20000
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32 12000
= 10000
8000 | 20 em™
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4000
2000}

— (6,5) SWCNT "/

Intensi

T et et .
17002300 2500 2700
Raman shift/cm™

0
1300 1500

served, and this change can be attributed to the dop-
ing effect of Cgy on the sc-SWCNTs. It can be ob-
served that the half-peak width of the G* peak of sc-
SWCNT broadens from the original 20 cm™ to
24 cm™ after the addition of Cg,. In addition, the
peak position shifts to the right by 2.5 cm™, and the
Raman spectrum of the 2D peak also produces a
broadening of the half-peak width (about 4cm™") and
a slight blue shift (from 2634 cm™ for pure sc-SW-
CNT to 2636 cm™* after Cqy doping cm™) changes.
These changes may be an indication of the p-type
doping caused by Cg, resulting in the transfer of
electrons from the valence band of sc-SWCNT to
Cso™. This suggests that there is a charge transfer
between sc-SWCNT and the surrounding Cg, which
causes p-type doping of (6,5)SWCNT.

The Raman analysis of sc-SWCNT/ Cg, films
described above has initially elucidated the charge

transfer mechanism of the heterojunction channel of
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Fig. 3 Raman statistical analysis of sc-SWCNT /Cg, film. Raman spectra of (a) sc-SWCNT (black) and (b) sc-SWCNT /Cg

(blue) under 514 nm laser irradiation
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the prepared field-effect transistor and the operating
mechanism. First, excitons are generated when the
sc-SWCNTs are irradiated under light. Since the
Lowest Unoccupied Molecular Orbit (LUMO) of
Cso 1s lower than the conduction band of the sc-SW-
CNT, the photoexcited electrons of Cg, cannot be
transferred to the conduction band of the sc-SW-
CNT™, In addition, since the offset energy differ-
ence between LUMO¢4, and sc-SWCNT conduc-
tion band is greater than the exciton binding energy
generated, electrons in the valence band of sc-SW-
CNT can be transferred into the Highest Occupied
Molecular Orbital (HOMO) of Cg"”, producing
charge separation, i.e., the transfer of photo-gener-
ated electrons from sc-SWCNT to the surrounding
Ceo, while the hole in sc-SWCNT density increases.
As a result, the photogenerated excitons in the sc-
SWCNT are effectively dissociated due to the struc-
ture of the designed heterojunction, reducing the re-
combination rate of photogenerated excitons® >,
This effective exciton collection allows the device to
exhibit excellent optoelectronic properties.

The electrical performance of this heterojunc-
tion device is shown in Figure 4. With a constant
source-drain voltage (Vy) (Vg = 0.1 V), the source-
drain current (/) can be changed by adjusting the
carrier concentration in the channel by changing the
gate voltage (Vy), resulting in a transfer character-
istic curve, as shown in Fig. 4(a). As can be seen
from the figure, the turning point of the characterist-
ic curve is about V=1V, indicating that the chan-
nel material sc-SWCNTs used during this period are
p-type doped. When the applied gate pressure is less
than the turning point, i.e., V is on the left, more
and more holes are induced in the channel as the ab-
solute value of the gate pressure increases. As a ma-
jority carrier, the source-drain current of the device
increases rapidly. On the contrary, the closer the
gate voltage is to the turning point, the lower the
concentration of holes in the channel, and the
source-drain current decreases until the device shuts

down. However, because the channel material is p-

doped, the device cannot be completely shut down
and there will still be an off-current of about 0.5 nA.
When the gate voltage increases again above the
turning point, electrons are induced in the channel,
and the electron concentration increases with the
further increase of the gate pressure, gradually re-
placing the hole to become the majority carrier, and
gradually increasing the source-drain current in the
opposite direction. The transconductance of the
device is calculated to be 2.268x107* S, with a
switching ratio of up to 500. The output character-
istic curve of the device is obtained by linearly scan-
ning the source-drain voltage Vg from -1 Vto 1 V
while remaining the gate voltage V,, constant. A
cluster of output characteristic curves is obtained by
testing the output characteristics for a range of V,
values, as shown in Figure 4(b) (color online). It can
be seen that the source-drain current shows a clear
separation at different gate voltages, indicating that
the device has a strong gate control capability. Be-
sides, the device is bridged between source and
drain electrodes by sc-SWCNT/Cg, composite film,
and the special electrical and optical properties of
the all-carbon heterojunction provide a material
basis for high-performance wide spectrum photode-
tection. Therefore, in this paper, the optoelectronic
properties of the devices were investigated in room
temperature air, as shown in Figs. 5(a) and 5(b)
(color online). In addition, the I-V curves of the het-
erojunction devices under laser irradiation at differ-
ent wavelengths and the I-T curves under unbiased
voltage are shown, respectively. In order to test the
photoelectric performance of the device, the source-
drain current under a linear sweep of the bias
voltage Vy from -1V to 1V was tested using a
semiconductor parametric analyzer at 405, 532, 650,
780, 860, 940, and 1064 nm wavelengths (all laser
powers were 5 mW/cm?), respectively. We ob-
served that at a bias voltage of 1 V, an induced pho-
tocurrent of about 0.7 pA can be generated. When
the laser is repeatedly turned on and off, the photo-

current increases and decreases sharply respectively,
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that is, the photodetector can show good repeated
switching performance between switching states, in-
dicating that the device has excellent reliability and
cycle stability. In addition, the device exhibits signi-
ficant optical response in the laser wavelength range
of 405—1064 nm, proving its wide spectral photo-
electric response from visible light to near-infrared,
and demonstrating certain advantages in the near-in-
frared band. In order to further evaluate the photo-
electric performance of the heterojunction device,
the responsivity and detectivity under different
wavelength laser irradiation were calculated based
on the measured photocurrent. The responsivity is

defined as the photocurrent generated per unit area

per unit illumination laser power density. The calcu-

I,-1
. I:, where /, is the induced

lation formula is R =

photocurrent, /; is the dark current without laser ir-
radiation, P is the optical power density, and 4 is the
area of the effective channel area of the device. The
detectivity is generally used as an indicator of the
detector's performance to detect the minimum optic-
al signal, which can be used to evaluate the sensitiv-

ity of the device. The corresponding calculation for-

L [ A .
mula is D* = ,[——R, where g is the elementary
qud

charge, R is light responsiveness. It is calculated
that the device can achieve the responsivity of
18.65 A/W and the detectivity of 5.35x10"" Jones un-

der 940 nm laser irradiation at a power density of

(b) jg V=10V
L y—o08V
s

1, /nA
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Fig. 4 (a) 4V, curve and (b) Iy- Vs curve of the all-carbon device
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5 mW/cm?. The good photoelectric response per-
formance is due to the ultra-high carrier mobility of
sc-SWCNT, excellent optical absorption coefficient,
long exciton diffusion length, and effective dissoci-

ation of excitons by Cy, and transfer collection.

4  Conclusion

Taking advantage of the unique electronic
properties and high carrier mobility of sc-SWCNT,
a transparent, all-carbon field-effect transistor-type
photodetector is designed and prepared in this paper.
The components of this field-effect transistor (act-
ive channel, source-drain electrode, and dielectric
layer) are all composed of carbon-based materials,
and the transmittance of visible wavelengths are all
higher than 80%. In addition to the large absorption
coefficients and high conduction paths provided by

R R
1 3] =

1 T2 SRR NS BR 2 B PR, O
BRI 2N 2 AL . DR A
AR | JGIR A5 | JGlE AL BRANG4E i 45 T
M AR E B ZE 2 0 R R O H R el 4 O
YEF o B I 4000 1 MR 22 REPR A 1S G, X
B T i R R A SR B i S T LA
Koen R L i 375 B EE (0 GG U 25 4 (14 5 K IE A2
FRBOR B 2 I Ah, X8 H AR 2% 1) TAEPERE
L4 Y BOR B R I B3R, An7E TAR BB T g R
A v R | e e R B L R PR e 1 R
A ARIFESEMEREN ., PP R BER T
TEZ T B = e B Pk 2 A ME B, e i
LRI S — > AlgsGag,As/GaAs 53 Jit 45 1, 1 1
Vi E T, 729 6.6 um ZLAYERRIE N 0.8 A/W, 1L
R E A 1.8%10' Jones, (EHEFE RIS
SREA 4 T2 RUASAREEA 3, SR ek
B FE TR (=1.12 e V) BRI T HOGH AR
AR, 346, fERA B HT BRI REH 45 F i 7

the sc-SWCNTs, the proper energy band alignment
between the sc-SWCNT and C, interface and the
separation of the photogenerated electron-hole pairs
also lead to a significant enhancement of the photo-
electric response performance of the device.
Through the electrical test of the device, it has been
proven that the device has good control ability over
gate voltage. The responsivity and detectivity at 940
nm can reach 18.65 A/W and 5.35 x 10" Jones, re-
spectively, and a broad spectral response from 405
to 1064 nm can be achieved, demonstrating the
great advantage of sc-SWCNT/ Cg, film heterojunc-
tions for photodetectors. The results presented in
this paper provide a new idea for the design and pre-
paration of high-performance all-carbon-based opto-
electronic devices, and provide a strong support for
the development of next-generation of all-carbon

transparent optoelectronic technology.
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e L LA BRI A i i RERER AR, AR
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XF T2 sh R, IF HBA TR m i HoR R
BeAh, T2 BEAUDGIE PEA R A B i & A Y
R FRAEHSEA FICR . NI, TR EETH AR
AT LTI FL AR #5328 B AR R BIF 9T B A

F 19 fiE22 60 AR ALK, B4 i A HLH T4
IS T BRI, ANWHE I SR EOR,
W4 BTN IERAE TR S . ol
PR A EZE LT SRS G o 3, WAl Ak
2 TR | SRS R FHBE R B LA RO R IR
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W A RURE S AN A SO  fl o SR AP AL A
TEICTE G AR A8 P A TR I 32 332 3
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