iriried applied
L sciences

Article
Scalable Production of Graphene/Semiconducting
Single-Wall Carbon Nanotube Film Schottky

Broadband Photodiode Array with
Enhanced Photoresponse

Jun Cao *©, Yuexin Zou "2, Xue Gong 1, Ruijie Qian ! and Zhenghua An 13*

1 State Key Laboratory of Surface Physics and Key Laboratory of Micro and Nano Photonic

Structures (Ministry of Education), Department of Physics, Fudan University, Shanghai 200433, China;
14113010001@fudan.edu.cn (Y.Z.); 16210190012@fudan.edu.cn (X.G.); 17110190020@fudan.edu.cn (R.Q.)
2 Laboratory of Advanced Materials, Fudan University, Shanghai 200433, China
Collaborative Innovation Center of Advanced Microstructures, Fudan University, Shanghai 200433, China
*  Correspondence: jcaol5@fudan.edu.cn (J.C.); anzhenghua@fudan.edu.cn (Z.A.);
Tel.: +86-021-6564-3290 (J.C. & Z.A.)

Received: 24 October 2018; Accepted: 20 November 2018; Published: 23 November 2018 ::‘P:)edc:t?;

Abstract: A general approach was developed to fabricate graphene/semiconducting single-wall carbon
nanotube (graphene/s-SWCNT) film Schottky junctions on a large scale. The graphene/s-SWCNT film
photodiodes array based on the vertically stacked Schottky junction were fabricated. The all-carbon
cross-shaped structure consisted of multielement graphene/s-SWCNT Schottky photodiodes and
presented a rich collection of electronics and photonics. The as-fabricated carbon-based photodiode
presented an ultra-broadband photodetection characteristic with a high responsivity of 1.75 A/W at
near-infrared wavelengths and a fast response rise time of 15 ps. The as-fabricated device clearly showed
gate-tunable and wavelength-dependent photoelectric characteristic. Moreover, the corresponding
photocurrent excitation spectrum was also demonstrated. In particular, the Si compatible and
high throughput fabrication process for the devices made it conducive for large-area multielement
optoelectronics devices.
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1. Introduction

Carbon nanomaterials, such as graphene and carbon nanotubes (CNT), are taken as the most
promising candidates for next-generation materials for integrated electronic device application because
of their astonishing physical properties [1-4]. However, the zero-band gap in graphene limits its
application for digital electronics. Meanwhile, the single-wall carbon nanotube (SWCNT) has been
investigated widely for nano integrated circuit application based on the purification technology
of CNTs [3-6]. The single semiconducting SWCNT(s-SWCNT)-based devices have been especially
developed for nano electronic and photonic devices [4,6], although the device manufacturing based on
a single SWCNT is technically complex and not compatible with the traditional Si process, hindering
their wide applications. Hence, it is important to utilize a suitable approach to maximize the advantage
of carbon nanomaterials for large-scale application. Meanwhile, hybrid graphene/CNT materials show
intriguing potential for widespread application [7-9], which offers new opportunities for optoelectronics
applications. It is particularly significant for the practical preparation and development of the
carbon-based optoelectronic devices, which has attracted increasing attention [9-11]. In a variety of
devices, the metal /semiconductor Schottky photodiode—the basic key component in integrated circuits
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and the semiconductor industry—reveals multiple advantages, such as simple device architecture,
high response speed, and high photoconductive gain [12-17]. Meanwhile, with the development of
multielement detectors, high-density photodetector arrays are highly demanded. Until now, great efforts
have been made to produce carbon-based photodiode, and scalable production of carbon-based Schottky
photodiode arrays with well controlled architectures is still a great challenge. Recently, the high-purity
SWCNT thin-film transistors have been successful fabricated [5,18] and the growth and transfer of
graphene is becoming increasingly sophisticated [19-21], which make it feasible to construct high-quality
and large-area all-carbon optoelectronic devices.

Here, we present a controllable approach for fabricating graphene/s-SWCNT film Schottky
junctions and the cross-shaped film photodiode array structures based on the as-fabricated
s-SWCNT/graphene Schottky junctions in a large scale. The cross-shaped structure consists of
multielement graphene/s-SWCNT Schottky photodiode, which present a rich collection of electronics
and photonics. The as-fabricated all-carbon Schottky photodiode was demonstrated with an
ultra-broadband photodetection characteristic from ultraviolet to near infrared range with high
responsivity and a fast response rise time. The gate-tunable and wavelength-dependent photoelectric
characteristics of our device were also demonstrated. By virtue of the simple device architecture
and the Si compatible fabrication process, the all-carbon graphene/s-SWCNT photodiode array can
provide low-cost and high throughput solutions for future nano multielement optoelectronic devices.

2. Materials and Methods

The cross-shaped carbon-based structure is illustrated schematically in Figure 1a and was
fabricated as follows: Firstly, the s-SWCNT dispersions was prepared using the method reported in
Reference [5]. Raw arc-discharge SWCNTs were purchased from Carbon Solution Inc. (Riverside,
CA, USA). Dispersants 9-(1-octylonoyl)-9H-carbazole-2,7-diyl (PCz) (Aladdin Industrial Corporation,
Shanghai, China) and SWCNT (2 mg) were mixed in toluene (6 mL). The solutions were ultrasonicated
with a top-tip dispergator (Sonics VC500, Newtown, Connecticut, USA) for 30 min at an amplitude
level of 30% and were then centrifuged at 20,000x g for 1 h (Allegra X-22R centrifuge, Beckman
China Inc., Shanghai, China) to remove the bundles and insoluble material. The supernatants were
collected for characterization and fabrication of photoelectrical devices. A dip-coating method was
used to fabricate the uniform s-SWCNT film on wafer-scale Si substrates with 285 nm thermal oxide.
The N-doped Si substrates were purchased from Suzhou Crystal Silicon Electronic & Technology
Co., Ltd. (Suzhou, China). The thickness of the SiO; layer was allowed to fluctuate within a certain
range, which did not affect the deposition of SWCNT film and the function of gate oxide in electrical
characterization. The wafer-scale was immersed in SiO, /Si substrates in obtained supernatants for 6 h
to form uniform s-SWCNT film. The as-fabricated s-SWCNT film was annealed at 450 °C for 15 min,
which was carried out in an argon gas environment.

After the fabrication of s-SWCNT film on SiO,/Si substrates, a lithographic and oxygen plasma
process was used to fabricate the s-SSWCNT film pattern (Figure 1a). The corresponding real optical
and SEM images of the microstructure for s-SWCNT film are shown in Figure 1a,b respectively.
Next, the chemical vapor deposition (CVD)-grown graphene was transferred on top of the s-SWCNT
film and a second photolithography and oxygen plasma etch was used to fabricate a graphene channel
(Figure 1a). The corresponding Raman spectrum in G-band regions for as-used graphene is shown in
Figure 1c, in which the intensity ratio of I,p/1g > 2.5 indicates the high crystal quality of the as-used
graphene [22,23]. Finally, source-drain electrodes were deposited with Au metal contacts (100 nm)
using a photolithography and electron beam evaporation process. The Cr was used to improve Au
adhesion to the graphene and s-SWCNT surface. The back-gate electrode was deposited with In metal
contacts (50 nm).

The SEM images were taken on a Zeiss Sigma 500 field-emission SEM system (Zeiss-China,
Shanghai, China) with the acceleration voltage of 3 KV. A Renishaw RM3000 Raman microscope (laser:
514 nm with a 2 um spot size) (Renishaw Inc., Gloucestershire, England, UK) was used to perform the
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Raman spectra measurement. The atomic force microscopy (AFM) (Dimension ICON, Bruker-China,
Beijing, China) observations were performed in the tapping mode. For photoresponse characterization,
the continuous scanning wavelength photocurrent testing platform was constructed. The light source
was a high-power supercontinuum source (SC-Pro) purchased from YSL Co., Ltd. (Wuhan, China)
and a monochromator was used for automatic wavelength changing (YSL Co., Ltd. Wuhan, China)
The electrical measurements were carried out in a cryogenic vacuum experiment system and the data
were collected by a set of circuit systems consisting of the DC power (Yokogawa 7651, Tokyo, Japan),
amperemeters (Keithely 2000, Tektronix-China Inc., Shanghai, China), preamplifiers (Exclusive C7a,
Pioneer Inc., Tokyo, Japan), oscilloscopes (TDs5054B, Tektronix-China Inc., Shanghai, China), and Lock
in amplifiers (SRS 830, SRS Inc., Sunnyvale, CA, USA).
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Figure 1. (a) The optical image of the graphene/semiconducting single-wall carbon nanotube
(graphene/s-SWCNT) cross-shaped films. (b) The SEM image of the as-deposited s-SWCNT film
(c) The Raman spectrum in G-band regions for the chemical vapor deposition (CVD)-grown graphene
after it was transferred on the top of s-SWCNT film. (d) The Raman spectrum in G-band regions for
as-deposited s-SWCNT film.

3. Results

3.1. Structure and Morphology of the As-Fabricated Device

Figure 2a shows the schematic structure of the as-fabricated device, which presents a typical
cross-shaped structure composed of two stacked carbon-based films, the top graphene layer,
and the high-purity s-SWCNT film below. The ultraviolet-visible-near infrared (UV-Vis-NIR)
absorption spectrum (Tianjin Tuo Pu Instrument Co., Ltd. Tianjin, China)and the corresponding
electrical characterization of the s-SWCNTs are shown in Figure S1 in the supplementary materials,
which indicates the semiconducting characteristic of the SWCNTs. The integrated semi-metallic
graphene and semi-conducting s-SWCNT film were tightly stacked with uniform contrast and
constructed Schottky junctions in the interface. In the process of preparation for the carbon-based
devices, a dip-coating method was used to fabricate the uniform s-SWCNT film on wafer-scale
Si substrates. Graphene has been used in a large-scale fabricating process by the CVD method.
Based on this, our device array was expected to be fabricated in wafer scale. The Si compatible
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fabrication process made it conducive for large-area optoelectronic array devices. The inset in Figure 2b
shows the optical image of as-fabricated graphene/s-SWCNT photodiode arrays, which cover an
area of over 30 mm?, and the real optical microscope image of a single cross-shaped phototransistor
structure based on the graphene/s-SWCNT Schottky junctions is shown in Figure 2b, which consists
of multielement graphene/s-SWCNT photodiodes that improve the density of the phototransistor.
The Raman spectrum of the as-deposited s-SWCNT film in Figure 1d presents a typical spectral
characteristic for SWCNT [24,25]. From the radial breathing mode (RBM) of the Raman spectra shown
in Figure 2c, we conclude the diameter of our as-deposited s-SWCNT is ~1.4 nm [25]. After stacking
graphene, the RBM characteristic peak of s-SWCNT was covered up (red curve). It is speculated
that the variation of the RBM Raman spectrum for graphene/s-SWCNT junctions was attributed to
the unusual electron transition induced by an electrostatic doping scenario between graphene and
SWCNTs. The AFM image in Figure 2d shows the surface microstructure of the graphene/s-SWCNT
film overlap area, which also demonstrates the tight stacking of the two carbon layers.
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Figure 2. Schematic (a) and optical image (b) of the graphene/s-SWCNTs cross-shaped photodiode.
(c) The radial breathing mode (RBM) range of Raman spectrum for the s-SWCNT film before and after
overlapping graphene. (d) The AFM image of the graphene/s-SWCNT film overlap area.

3.2. The Optoelectronic Characteristics of the Carbon-Based Photodiode

A single graphene/s-SWCNT film Schottky photodiode and the executive circuit is illustrated
schematically in Figure 3a. The chemical residues created from the transfer process and the oxygen
from the surrounding generally rendered a p-type graphene sheet [26]. The source-drain current
of the Au—graphene—Au transistor as a function of Vgg was tested, which is shown in Figure S3.
An 8 V voltage of the Dirac point (Vp) was observed, indicating the p-type characteristics of as-used
graphene. The transfer curves of the graphene/SWCNT hybrid transistor formed by the A-B ends
of the cross-shaped carbon-based structure (Figure 1 and the inset in Figure S2) were compared.
We observed that the Dirac point of the hybrid transistor shifted from 8 to 15 V, indicating deeper
p-type doping of the graphene/SWCNT junction. Figure 3b shows a set of output curves of the
Schottky devices at different back-gate voltage (Vpg) without illumination. The as-fabricated device
presents a typical p-type doping characteristic ascribed to the doping effect by the surroundings and
clearly exhibits a near perfect rectifying behavior. According to the electrical characteristic of SWCNTs



Appl. Sci. 2018, 8, 2369 50f 10

analyzed in the supplementary materials (Figure S3a), it presents ohmic or near-ohmic contact between
SWCNTs and Au electrodes [27]. In view of the fact that there is no obvious contact resistance between
the graphene and Au metal, the Schottky characteristic observed in our device can be principally
attributed to the graphene/SWCNT junction. By applying a reverse Vpg, the diode current (Ip;ode)
can be dramatically increased and an order of magnitude difference was observed at Vpg = —30 V.
The photocurrent shown in Figure 3¢ exhibits a continuous and monotone increasing with increasing
reverse Vpg (source-drain voltage (Vsp) = —5 V). The back-gate tunability of the photocurrent is
associated with the gate-tunable carrier density and polarity in the photoelectric conversion system.
The Ipjoqe — Vsp curves of the Schottky devices at zero back-gate voltage before and after illumination
is shown in Figure 3d, in which a turn-on voltage (V1) of —6.5 V was observed. Upon illumination of
1000 nm, V1 was slightly decreased, which was ascribed to the enhanced image force barrier lowering
(IFBL) induced by photoexcited carriers in s-SWCNTs [28,29]. This resulted in an increased diode
current. Hence, the dramatically increased photocurrent with the increasing of source-drain voltage is
observed in the inset of Figure 3d. The corresponding curves of the carbon-based devices in log scale
are shown in Figure S2.
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Figure 3. (a) Schematic of the graphene/s-SWCNT Schottky photodiode and the test perform circuit.
(b) The output characteristics curve of the as-fabricated diode at different Vpg. (¢) The diode current as
a function of back-gate bias for the Schottky device before and after under illumination (Vgp = =5 V).
The insert is the corresponding Iohoto— VBG curves. (d) The Vgp-dependent diode current with and
without illumination. The insert is the corresponding Lot —Vsp curve.

3.3. The Photodetection Characteristics and Discussion

To further verify the physical mechanisms of as-fabricated carbon-based photodiodes, the energy
band diagrams at the graphene/s-SWNT junctions under various Vpg are shown in Figure 4.

Since the work function of graphene is about 4.5 eV [30,31] compared with the work function
of S-SWCNT, about 4.7-5.2 eV [4,32], there should be a Schottky barrier between s-SWCNTs and
graphene. When graphene was transferred on the s-SWCNT film substrate, the built-in electrical
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field formed in graphene/s-SWCNT Schottky interface (Figure 4a). As shown in Figure 4b, at zero
gate-bias under illumination, ground-state electrons of SWNTs were excited into excited states.
Then, electron-hole pairs generated in the s-SWCNT film and photoexcited electrons transported
from s-SWNTs to graphene under the built-in field at the SWNT-graphene junction. There were
existing traps acted as carrier capture centers in SWCNT film [7,33] and some photo-generated holes
were trapped with long lifetimes in the capture centers of s-SWNTs, which made the photogenerated
electrons recycle several times in the circuit before they were recombined, yielding a photoconductive
gain. The tunable charge carriers’ transport characteristics with Vg was also demonstrated. When Vgg
<0, the lowered Fermi level of graphene resulted in a steeper upward band bending (Figure 4c) and
an enhanced built-in electric field at the s-SWNT-graphene Schottky junction, while the effective
Schottky barrier height was increased. More photoelectrons transferred from s-SWNTs to graphene
and contributed to an increasing photocurrent. When Vgg > 0, the Fermi level of graphene was raised
up, resulting in the reduced effective Schottky barrier height and weakened built-in electric field,
so there were few photogenerated carriers contributing to the photocurrent (Figure 4d). Meanwhile,
there was no diode current observed when Vgg > 0, which is consistent with the p-type electric
conductivity of the carbon-based device.

V>0

ee e oo
graphene s-SWCNT graphene s-SWCNT

Figure 4. The energy level diagram at the graphene/s-SWCNT junction under different bias and
illumination condition. (a) Vsp =0, Vpg =0, dark (b) Vgp <0, Vg =0, light (¢) Vsp <0, Vpg <0,
light (d) Vsp <0, Vpg > 0, light.

For photodiodes, responsivity is a key figure of merit for the performance. In our carbon-based
Schottky device, the responsivity can be described by the following equation [34-36]:

oot P
poo_ei

R = =
P hv

1 e

Here, h is Planck’s constant, v is the excitation light frequency, 7 is the efficiency factor depended
on the absorption efficiency and charge transfer efficiency in the as-fabricated graphene /s-SWCNTs
Schottky junction, and G is the photoconductive gain.

Firstly, to investigate the photoresponse characteristics of our device, the responsivity-wavelength
excitation spectrum was generated and is shown in Figure 5a, where the device exhibits ultra-broadband
photoresponse characteristics from ultraviolet to near infrared wavelengths (Vgp = -5V, Vg ~ =5 V).
The photoelectric testing was performed under the 0.1 mW irradiation at a temperature of 100 K to
suppress the outside interference. The wavelength-dependent photoresponse was consistent with
the absorption spectrum of the graphene/s-SWNT hybrid film. With a high reverse Vg of —10V,
the responsivity presented a significant increase over the broad excitation spectrum range, which is
consistent with the diode characteristics described in Figure 3. From the equation above, the value
of responsivity is proportional to photoconductive gain, which depends on the carriers’ lifetime,
mobility, and source-drain bias voltage setting on the device [19]. In our carbon-based photodiode,
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the high trapped holes lifetime and ultra-high mobility in the graphene channel co-contributed to
the high photoconductive gain and a high responsivity. Figure 5b plots the responsivity curve as a
function of illumination power under the excitation wavelength of 1000 nm (Vsp = =5V, Vgg = =5 V).
The responsivity decreased exponentially with increasing power. This may correlate to the decrease of
unoccupied states in the conduction bands of graphene and s-SWCNTs as the power increases [35]. Ata
0.5 uW illumination, the device exhibited a drastically enhanced responsivity of 1.75 A/W, as compared
with a single CNT-based or bare graphene-based device of 10'-10% uA /W [10,37,38], which could be
further improved by shrinking the size of devices and optimizing fabricating technology.
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Figure 5. (a) Responsivity as a function of excitation wavelength for as-fabricated carbon-based
photodiode. (b) The dependence of responsivity on excitation power under the 1000 nm illumination.

Response time is another key quality factor for photodiodes. Figure 6a shows the time trace of the
photocurrent for our devices under periodic illumination (1000 nm wavelength, 100 uyW, Vgp = =5V,
and Vg = —10 V). All the fabricated devices were arrayed in a wafer substrate (there were nine
devices in a transistors array, the inset of Figure 2b), which present a uniform and stable performance.
The single carbon-based device tested the time trace of the photocurrent under periodic illumination of
5ms (Figure 6a), and after longstanding on—off cycles of one hour the photocurrent exhibited excellent
reproducibility. The high-resolution temporal response of the device is shown in Figure 6b and a
significant temporal photoresponse was observed in which we estimated the rise response time to
be 15 ps, 7 times faster than a hybrid graphene/CNT photodetector based on photogating effect [7].
The high-quality graphene and s-SWCNT together with the effective Schottky junctions in the interface,
which resulted in fast transfer of photocarriers within the s-SWNT/graphene junction, co-contributed
to the excellent temporal photoresponse. When the light was off, the trapped carriers in s-SWCNT film
released slowly from different surface states, which led to a slow decay of the temporal photoresponse

(Figure 6b).
1.2
o
5 0.9p —
oo} M I
0 B
N 03P jign dark | 2
g 0.0 | " 2
E m g
O -03 { j=
= 06f (a) .
0 5 10 15 20 25 30 35
Time (ms) Time (ms)

Figure 6. (a) The time trace of the photocurrent under periodic illumination. (b) The temporal
photoresponse of as-fabricated device.
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4. Conclusions

In summary, a general approach was developed to fabricate graphene/s-SWCNT film
Schottky junctions in a large scale. The all-carbon high-performance photodiodes array based on
graphene/s-SWCNT film Schottky junctions were fabricated, which exhibited enhanced photodetection
capabilities at a broad excitation wavelength range. The fabricated all-carbon devices clearly
showed gate-tunable photoelectric characteristic, where the magnitude of the photocurrent was
increased by back-gate bias voltages. The wavelength-dependent photodetection characteristic and the
corresponding photocurrent excitation spectrum was also demonstrated. Benefiting from the ultra-fast
response time, large-scale fabrication process, and high-density diode array, the devices exhibited great
potential applications for nano integrated electronic devices and as multielement detectors.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2076-3417/8/12/2369/
s1. Figure S1: The semiconducting characteristic of the SWCNTs.; Figure S2: The electrical characteristic curves of
the carbon-based devices in log scale. Figure S3: The contact resistance effects in Carbon-based thin film transistors.
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