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ABSTRACT: The p-n junction diode and field-effect transistor
are foundational elements in modern electronics and
optoelectronics. While high-performance field-effect devices
have been realized using monolayered materials and their
heterostructures, there has been a notable absence of p-n
heterojunction diodes derived from inkjet-printed two-
dimensional (2D) materials, which may lead to the
development of complex electronic and optoelectronic circuits.
This study addresses this gap by detailing the development
and characterization of heterojunction p-n diodes fabricated
through the inkjet printing of carbon nanotubes (CNTs) and
molybdenum disulfide (MoS,). The use of inkjet printing
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technology for both CNTs and MoS, allows for precise, scalable, and cost-effective fabrication. The resulting heterojunction
diodes exhibit excellent diode behavior, with a rectification ratio exceeding 10°. Additionally, the diode shows significant
photoconductive properties, with a rapid photoresponse time of approximately 2 ps. This swift photoresponse is essential
for high-speed optoelectronic applications, making the diode a promising component in advanced electronic systems. The
study underscores the potential of inkjet printing technology to revolutionize the production of sophisticated, low-cost
electronic devices with superior performance metrics, particularly in terms of photoresponse efficiency and speed. The
integration of CNTs and MoS, via inkjet printing not only streamlines the manufacturing process but also enhances the
functional properties of the heterojunction diodes, positioning it as a viable candidate for future optoelectronic applications.

KEYWORDS: carbon nanotube (CNT), MoS,, heterojunction p-n diode, photo response, inkjet printing

1 Introduction

The rapid evolution of modern electronics and optoelectronics has
been largely driven by two fundamental components: the p-n
junction diode and the field-effect transistor [1-6]. These devices
are integral to a wide range of applications, from basic electronic
circuits to complex photodetectors and communication systems
[7-10]. The ongoing miniaturization and performance
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enhancement of these components are essential to keep pace with
the ever-increasing demands for faster, more efficient, and more
versatile electronic systems [11-14].

In recent years, the exploration of reduced-dimensionality
materials, such as monolayered semiconductors and carbon-based
nanostructures, has opened new avenues for scaling down these
components to atomic thicknesses [15-19]. These materials offer
exceptional electrical, mechanical, and optical properties that are
not attainable with traditional bulk materials. High-performance
field-effect transistors (FETs) have been successfully fabricated
using monolayered materials, showcasing remarkable performance
such as high carrier mobility and excellent on/off ratios [20-23].
However, the development of a p-n heterojunction diode derived
from these ultrathin materials remained a challenge in the field of
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complex, integrated electronic and optoelectronic circuits that
require both FET's and diodes to function effectively, until Mark C.
Hersam and his team successfully fabricated such devices using
advanced techniques such as atomic layer deposition and precise
material transfer methods [3].

Moreover, traditional thin film two-dimensional (2D) material
deposition methods such as spin-coating necessitate additional
patterning and etching steps, which substantially increase the
complexity and cost of device fabrication. In contrast, inkjet
printing offers a lithography-free, drop-on-demand deposition
method. This technique allows for the direct “writing” of 2D
material inks onto the desired locations with computer assistance,
making it highly compatible with 2D inks [24, 25]. Compared to
colloidal quantum dots, which also offer a cost-effective fabrication
approach but often require complex processing steps, inkjet-printed
carbon nanotubes (CNTs) provide a more straightforward and
versatile solution [26]. However, to date, the literature contains only
a limited number of demonstrations of inkjet-printed 2D FET
devices. Furthermore, the performance metrics of these reported
inkjet-printed 2D FET's have generally been suboptimal [27, 28].

Addressing this gap, our study focuses on the innovative use of
inkjet printing technology to fabricate a heterojunction p-n diode
using single-walled CNTs (SWCNTs) and molybdenum disulfide
(MoS,). Inkjet printing offers a versatile, scalable, and cost-effective
approach to depositing these materials with high precision [25].
This method not only simplifies the fabrication process but also
allows for the creation of intricate device architectures that are
difficult to achieve with conventional techniques.

The resulting heterojunction diode exhibits robust diode
behavior, characterized by a relatively high rectification ratio, which
is crucial in electronic circuits. Moreover, the device demonstrates
significant photoconductive properties, with a photoresponse time
of approximately 2 ps, indicating its potential for high-speed
optoelectronic applications. These attributes highlight the diode’s
suitability for integration into advanced electronic systems where
rapid photoresponse and high rectification ratio are critical [29-31].

In this paper, we present a comprehensive analysis of the
fabrication process, device characterization, and performance
metrics of the inkjet-printed SWCNT-MoS, heterojunction p-n
diodes. Our findings underscore the potential of inkjet printing
technology to revolutionize the production of low-cost, high-
performance electronic devices, paving the way for future
advancements in optoelectronic applications [32—34].

2 Experimental

21 MoS,and CNT ink preparation

The electrochemical exfoliation of MoS, was conducted in a two-
electrode cell. A MoS, crystal (SPI Supplies) served as the cathode
was fixed with a copper clip, while a graphite rod was used as the
anode.  The  electrolyte  consisted of 10 mg/mL
tetraheptylammonium bromide (THAB) (99%, Sigma-Aldrich) in
acetonitrile. During exfoliation, tetraheptylammonium (THA®)
cations were intercalated between MoS, layers under an 8 V applied
voltage for 1 h.

After intercalation, the exfoliated MoS, was rinsed with ethanol
to remove residual acetonitrile and THAB, then transferred to a
25 mg/mL polyvinylpyrrolidone (PVP, M.W. 58,000, Alfa Aesar)
solution in dimethylformamide (DMF). Bath sonication for 2 h
produced a greenish MoS, dispersion. Additionally, recent studies
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have demonstrated alternative methods for producing 2D MoS, in
large quantities at lower costs, further enhancing the scalability of
this material [35, 36].

To eliminate excess PVP, the dispersion was washed four times
with isopropanol (IPA). Centrifugation at 9000 rpm isolated the
MoS, nanoplates, which were then redispersed in IPA. A
subsequent centrifugation at 1500 rpm for 5 min removed larger
aggregates. To improve ink spreading and drying on substrates,
10 vol.% 2-butanol was added to the final MoS, dispersion [27].

The semiconducting SWCNTs ink (001 mg, 99.9%,
Nanolntegris) was diluted in toluene to a final concentration of
0.00125 mg/mL. The resulting solution underwent bath sonication
for 2 h, yielding a homogenous brown CNT dispersion.

22 Inkjet printing and post-processing of printed
heterojunction

The substrates were initially immersed in poly-L-Lysine (Sigma-
Aldrich) to mitigate the coffee ring effect and ensure a
homogeneous pattern. Excess solution was removed by rinsing the
samples with deionized (DI) water. The CNT ink was then printed
onto Si/SiO, (300 nm) or polyimide substrates using an inkjet
printer (Microplotter Desktop, SonoPlot, Inc.). The ink film was
directly deposited onto prefabricated Ti/Au (5/50 nm) source/drain
electrodes, which had been patterned via lithography and deposited
using electron beam evaporation. After printing, the sample was
immersed in toluene for 3 s, followed by sequential washing with
acetone and IPA.

Following a second immersion in poly-L-Lysine and subsequent
DI water rinse, the MoS, ink was printed using the same procedure
as the CNT ink. To remove PVP and other compounds from the
ink preparation, the devices were immersed in a 10 mg/mL solution
of bis(trifluoromethane)sulfonimide (TFSL, > 95.0%, Sigma-
Aldrich) in 1,2-dichloroethane (Sigma-Aldrich) at 80 °C for 1 h.
Finally, an annealing treatment was conducted in an argon
atmosphere at 200 °C for 1 h.

2.3 Device characterization

Scanning electron microscopy (SEM) was conducted using a Nova
NanoSEM 450 field-emission scanning electron microscopy.
Optical microscopy images and Raman mapping spectra were
obtained with a confocal Raman spectroscopy (Renishaw).

The electrical characteristics of the printed heterojunction diode
were measured in a vacuum chamber probe station (Lakeshore
CPX-VF) using a Keysight B1500A parameter analyzer.
Photoresponse measurements were performed using a Keithley
4200-SCS semiconductor characterization system. For the focused
beam measurements, a HL6312G laser diode (635 nm) from
Thorlabs was employed, while a CT80AAA solar simulator from
Photo Emission Tech., Inc. was used for global illumination
experiments. The response time of the photoconduction
measurement was assessed using a Rigol DHO914 oscilloscope in
conjunction with a low-noise preamplifier SR560.

3 Results and discussion

The development of heterostructure diodes has been a focal point
in the advancement of modern electronic and optoelectronic
devices. Heterostructure diodes, which consist of interfaces between
different semiconductor materials, offer unique electronic and
optical properties that are not available in homojunction
counterparts [37, 38]. These properties arise from the distinct band
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alignments and charge transport mechanisms at the heterojunction
interface, enabling superior performance in terms of charge carrier
separation, mobility, and recombination rates [39, 40]. Specifically,
heterostructure p-n diodes have garnered significant attention due
to their potential applications in photovoltaics, light-emitting
diodes, and photodetectors. The strategic combination of materials
such as CNTs and MoS, leverages their complementary electrical
and optical properties [3]. CNTs, with their excellent electrical
conductivity and mechanical strength [18, 41, 42] and MoS,,
known for its high electron mobility and direct bandgap in
monolayer form [21, 43, 44], create an ideal platform for developing
high-performance heterojunction devices.

3.1 Device characterization of CNT/MoS, heterojunction
p-n diode

Figure 1(a) presents a schematic illustration of our SWCNTs (p-
type) and MoS, (n-type) heterojunction p-n diode. To verify the
individual p-type and n-type behaviors of CNTs and MoS,, a four-
probe electrode structure was utilized, providing a comprehensive
understanding of each component’s function within the device. The
source and drain electrodes were patterned through lithography,
followed by the deposition of 5 nm of Ti and 50 nm of Au using
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electron-beam evaporation. Subsequently, MoS, ink with a
concentration of 0.4 and 0.00125 mg/mL CNT ink was inkjet-
printed onto the channel region using the SonoPlot Microplotter
system. This system operates by lowering the printing nozzle to
bring the ink into contact with the substrate, forming a circular ink
film with a diameter of 400 pm, which was optimized for
heterojunction diode performance rather than the finest resolution
possible. The nozzle is then moved horizontally to pattern the ink
film. Typically, two to three printing passes are needed to achieve a
continuous and uniform film. While our setup focused on the
specific performance characteristics of the device, inkjet printing
can achieve much smaller feature sizes, with resolutions down to
20-50 um depending on the substrate and ink properties. The
thickness of the printed films generally ranges from 10 to 60 nm,
with statistical measurements showing a standard deviation of
approximately +5%, indicating uniformity across samples. These
measurements were validated using atomic force microscopy
(AFM) and profilometry, ensuring consistent thickness across the
printed areas [27]. Figure 1(b) shows the optical microscopy image
of the fabricated device. The MoS, region, delineated by a red
dashed line, is visible as a light green area against the SiO, oxide
layer background. In contrast, the CNT region, outlined by a white
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Figure1 Characterization of the heterostructure p-n diode. (a) Schematic diagram of the CNT-MoS, heterostructure p-n diode with a four-probe electrode structure. (b)
Optical microscopy image of the fabricated device, with CNT and MoS, regions outlined by white and red dashed lines, respectively. The CNT region appears nearly
transparent and invisible under the microscopy. (c) and (d) SEM images of the CNT and MoS, regions on the device. (¢) Raman spectra of CNT, displaying the G band
(in-plane bond stretching mode of the C-C bonds in the hexagonal lattice) at 1685 cm™ and the defect-induced peak (D band) at 1350 cm™ [45]. (f) Raman spectra of
MoS,, featuring two characteristic bands: the E,, band (in-plane vibrations) at 385 cm™ and the A, band (out-of-plane vibrations) at 408 cm™' [46].
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dashed line, is nearly invisible under the microscopy. In this
structure, electrodes 1 and 2 were employed to measure the
electrical properties of the CNT segment, electrodes 3 and 4 for the
MoS, segment, and electrodes 2 and 3 to evaluate the
heterojunction diode behavior. To more precisely characterize these
regions, SEM and Raman spectroscopy were employed. Figures 1(c)
and 1(e) display the SEM and Raman spectra of the CNT,
respectively, while Figs. 1(d) and 1(f) present the corresponding
analyses for the MoS, region. Given that the entire diode was
fabricated via inkjet printing, minor peaks observed in the Raman
spectra may be attributed to residual ink solution. The methods
section provides further details on the device fabrication.

3.2 Gate-dependent electrical properties of the device

With the help of the four-electrode pattern, the CNT part and MoS,
part can be measured separately and with ease. Some hysteresis is
observed in the I~ V, curve of the CNT region when measured in
ambient air; however, it does not significantly affect the I~V
characteristics. To provide better characterization of intrinsic
behavior, all I-V characteristic measurements are conducted in a
vacuum chamber to eliminate the influence of oxygen and
moisture, thereby preventing potential degradation of CNT and
MoS, due to Joule heating during the measurement. As illustrated
in Figs. 2(a) and 2(c), the I3~V characteristics of the CNT region
(between electrode 1 and 2) and MoS, region (between electrode
3 and 4) exhibit typical p-type and n-type material behaviors,
respectively. The curves demonstrate current saturation at negative
voltage bias for the p-type CNT and at positive voltage bias for the
n-type MoS, [47, 48], consistent with the expected electrical
properties of p-channel and n-channel metal-oxide-semiconductor
field-effect transistors (MOSFETSs).
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Figures 2(b) and 2(d) present the I4-V, characteristics of the
device under a drain-source voltage bias (V) of 6 V. These plots
confirm the p-type behavior of the CNT region and the n-type
behavior of the MoS, region. Specifically, in the I~V curve for the
CNT, the drain current decreases as the gate voltage becomes more
positive, indicative of p-type behavior. Conversely, in the I4-V,
curve for the MoS,, the drain current increases as the gate voltage
becomes more positive, characteristic of n-type behavior. These
observations verify that the CNT and MoS, materials maintain their
p-type and n-type properties within the heterostructure device
configuration.

Figure 3(a) shows the I4~V, characteristic of the heterojunction,
which displays typical antiambipolar behavior [3, 49, 50]. In an
antiambipolar device, the current increases as the gate voltage
moves from one extreme towards an intermediate value, reaches a
maximum, and then decreases as the gate voltage continues
towards the opposite extreme. This behavior occurs in
heterojunctions combining materials with different conduction
mechanisms, such as n-type and p-type materials. At specific gate
voltages, one type of charge carrier (electrons or holes)
predominates, but as the voltage changes, the balance shifts,
resulting in a peak in the current. The device transitions from
nearly insulating behavior at V, = 10 V to a poorly rectifying state
at V, =2V, and to a highly rectifying diode at V, = 10 V. Figure
3(a) shows the I3~V curve of the heterojunction region, with a
noticeable peak around 2.5 V. As illustrated in Fig. 3(b), the
junction region exhibits diode behavior under various gate biases,
with the threshold voltage decreasing as the gate voltage increases.
Figure 3(c) provides a zoomed-in view of the I;~V, curve for V,
ranging from -10 to -5 V, where the device is dominated by the n-
type MoS,. In contrast, Fig. 3(d) focuses on the V, ranging from
5to 10 V, where the p-type CNT predominates.

(b)

410

las (HA)

40.1

Figure2 Electrical characterization of the CNT and MoS, regions. (a) I3V, curve for the CNT region, with gate bias varying form -10 to 10 V, showing typical p-type
behavior with current saturation occurring at negative voltage bias. (b) Iy~V, curve for the CNT region under a V, of 6 V, with logarithm scale in blue on the right,
confirming p-type behavior with the drain current decreasing as the gate voltage becomes more positive. (c) I Vg, curve for the MoS, region, with gate bias varying form
-10 to 10 V, exhibiting typical n-type behavior with current saturation at positive voltage bias. (d) I~V curve for the MoS, region under a Vg, of 6 V, with logarithm
scale in blue on the right, confirming n-type behavior with the drain current increasing as the gate voltage becomes more positive. These characteristics validate the
preservation of intrinsic p-type and n-type properties in the CNT and MoS, regions, respectively.
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Figure3 Electrical characterization of the heterojunction diode. (a) I~V characteristics of the heterojunction at Vg = 6 V, displaying typical antiambipolar behavior.
The current increases as the gate voltage moves from one extreme towards an intermediate value, reaches a maximum, and then decreases as the gate voltage continues
towards the opposite extreme. (b) I~V characteristics of the junction region, demonstrating ideal diode behavior under various gate biases, with a decreasing threshold
voltage as the gate voltage increases. (c) Zoomed-in I~V curve for V, ranging from -10 to -5 V, where the device is dominated by the n-type MoS,. (d) Zoomed-in
I3~V curve for V, ranging from 5 to 10 V, where the device is dominated by the p-type CNT. (e) Measurement of the rectifying ratio using a half-wave rectifying circuit with a
1 MQ load resistance, demonstrating a rectifying ratio of approximately 10° at zero gate bias, which is relatively high compared to most heterostructure devices.

The rectifying ratio was measured to characterize the diode
behavior of the device. This measurement was conducted using a
typical half-wave rectifying circuit with a 1 MQ load resistance.
Data acquisition was performed using an oscilloscope, and the
sinusoidal signal was generated by a function generator. By
calculating the ratio of forward current (Ii.q) to reverse current
(Iyaaovard) at the positive and negative peak values of the signal, the
rectifying ratio was determined to be approximately 10° at zero gate
bias. This value is comparatively high when evaluated against most
heterostructure devices.

3.3 Photoconduction effect and

measurement in ambient air

To further investigate the device’s application potential,
photoconduction measurements were performed at zero gate bias.
As shown in Fig. 4(a), when illuminated by a solar simulator, the
heterojunction diode exhibits a pronounced photocurrent in the
negative bias region, indicating its potential use as a photodetector
[51]. To confirm that the photoconduction current originates from
the junction area, a 635 nm red laser beam was focused on different
parts of the device. Figure 4(b) demonstrates that when the laser
beam is focused on either the CNT or MoS, regions alone, there is
no significant photoresponse compared to no illumination. This
finding indicates that the observed photoconduction current under
global illumination originates from the junction area rather than
from the individual semiconductor components.

Additionally, the potential contribution of thermal effects due to
uniform global illumination or a focused beam was considered.
Nlumination could induce temperature changes in the sample,
which may impact the carrier density and influence the resulting
photocurrent. To distinguish the influence of thermal effects from

response  time
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photoconductive mechanisms, a power dependence measurement
under uniform solar simulator illumination was performed. As
shown in Fig. 4(c), the negative bias region exhibited a clear linear
relationship between photocurrent and input light intensity. This
linearity is indicative of photoconduction dominance, as opposed to
thermal effects, which would typically display a nonlinear behavior
due to the exponential relationship between temperature and
carrier concentration.

Figure 4(d) illustrates the time response of the photoconduction
current at negative bias, measured using a chopper and
oscilloscope. The observed rise and fall times are approximately
2 ps, which is significantly faster than most conventional
photodiodes. This result may be influenced by the preamplifier
used during measurement, which could introduce additional
parasitic capacitance, suggesting that the actual response time may
be even shorter. Notably, a previous study reported a
heterostructure device with a photoresponse time below 15 ps and a
rectification ratio of approximately 60 at zero gate bias [3]. In
comparison, our device demonstrates a faster response time of 2 s
and a significantly higher rectification ratio of 10® at zero gate bias.
This improvement is likely due to the reduced size of the material,
which requires fewer photons to generate current and thus
demands only a short relaxation time. Additionally, the precise
control over the CNT-MoS, interface in our inkjet-printed device
reduces defects and enhances charge transport efficiency. This
characteristic indicates that our device is well-suited for high-
frequency applications and offers the advantage of size control for
tailored performance.

4 Conclusions

In this study, we successfully demonstrated the fabrication and
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Figure4 Photoconduction characterization and response time of the heterojunction diode. (a) Photocurrent measurement of the heterojunction diode at zero gate bias
under illumination from a solar simulator, showing a pronounced photocurrent in the negative bias region, indicating potential for use as a photodetector. (b)
Photocurrent response was measured using a 635 nm red laser beam with an intensity of approximately 21.66 mW/cm?, focused on different regions of the device. No
significant photoresponse is observed when the beam is focused on either the CNT or MoS, regions alone, confirming that the photoconduction current originates from
the junction area. (c) Power dependence measurement under uniform solar simulator illumination, showing a linear relationship in the negative bias region, consistent
with the linear relationship between photocurrent and input light intensity, thus confirming the dominance of photoconduction. (d) Time response of the
photoconduction current at negative bias, measured using a chopper and oscilloscope. The rise and fall times are approximately 2 us, which is faster than most

conventional photodiodes.

characterization of an inkjet-printed CNT-MoS, heterojunction p-n
diode, achieving a rectification ratio exceeding 10° at zero gate bias.
Photoconduction measurements showed significant photocurrent
under global illumination, confirming the device’s potential as a
photodetector. The rapid rise and fall times of approximately 2 ps
indicate suitability for high-frequency applications. The use of inkjet
printing technology allowed for precise, scalable, and cost-effective
fabrication, simplifying the manufacturing process and enhancing
the device’s functional properties. These findings highlight the
promise of inkjet-printed CNT-MoS, heterojunctions for advanced
electronic and optoelectronic systems, paving the way for further
research and development in this area. This work underscores the
potential for innovative, low-cost solutions in the production of
sophisticated electronic devices, demonstrating the effectiveness of
inkjet printing for future technological advancements.

Electronic Supplementary Material: Supplementary material
(SEM image for the heterojunction device, hysteresis property of
heterojunction I4-V, sweep, hysteresis property of CNT/MoS,,
13-V, sweep, full map of incident power sweep of photoconduction
measurement) is available in the online version of this article at
https://doi.org/10.26599/NR.2025.94907059.
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