Open Access Article. Published on 26 Tshitwe 2023. Downloaded on 2025-12-04 13:13:26.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials
Horizons

W) Check for updates ‘

Cite this: Mater. Horiz., 2024,
11, 1344

Received 3rd August 2023,

Accepted 21st December 2023 Antonio Di Bartolomeo

DOI: 10.1039/d3mh01224g

rsc.li/materials-horizons

2-Dimensional materials (2DMs) offer an attractive solution for the
realization of high density and reliable memristors, compatible with
printed and flexible electronics. In this work we fabricate a fully inkjet
printed MoS,-based resistive switching memory, where graphene is
used as top electrode and silver is used as bottom electrode.
Menmristic effects are observed only after annealing of each printed
component. The printed memory on silicon shows low SET/RESET
voltage, short switching times (less than 0.1 s) and resistance switch-
ing ratios of 103-10°, comparable or superior to the performance
obtained in devices with both printed silver electrodes on rigid
substrates. The same device on Kapton shows resistance switching
ratios of 10~10° and remains stable at least up to 2% of strain. The
memristor resistance switching is attributed to the formation of Ag
conductive filaments, which can be suppressed by integrating gra-
phene grown by chemical vapour deposition (CVD) onto the silver
electrode. Temperature-dependent electrical measurements starting
from 200 K show that memristic behavior appears at a temperature
of ~300 K, confirming that an energy threshold is needed to form
the conductive filament. This work shows that inkjet printing is a very
powerful technique for the fabrication of 2DMs-based resistive
switches onto rigid and flexible substrates.

1. Introduction

The development of memristic devices capable of storing multiple
states of information is required for many applications, ranging
from data computation to neuromorphic circuits and adaptive
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In this work we demonstrate that water-based graphene and MoS, inks, used
as top electrode and switching layer, respectively, can be used to realize fully
printed memristors with low SET/RESET voltage, short switching times
(<0.1 s) and resistance switching ratios of 10°~10°, comparable or superior
to the performance obtained in devices with both printed silver electrodes
on rigid substrates. The same device printed on kapton shows resistance
switching ratios of 10>-10° and stable switching up to 2% of strain. More-
over, the devices show temperature dependent memristic behavior, which
has never been observed in printed memristors of 2D materials. In addition,
our work also provides insights on the filament formation mechanism. For
example, we show that by integrating CVD graphene onto the silver electrode
enables to completely remove the memristic effect. This work shows that
inkjet printing is a very powerful technique for the fabrication of 2DMs-
based memiristic devices onto rigid and flexible substrates.

systems."™ Research has mostly focused on the improvement of
the device performance parameters, such as fast switching speeds,
low energy consumption, and high endurance. However, it is also
of crucial importance to show integration of such devices onto
flexible substrates, enabled by the use of low-cost and mass
scalable technologies such as inkjet printing.

2D materials are very attractive for the fabrication of printed
memristors as they can be easily processed into inkjet printable
formulations and used to fabricate the full device.>** However, very
few works have reported fully printed 2DMs-based memristors:
most of the literature is based on the use of non-scalable deposition
methods such as spin coating or drop casting. In particular, only 3
works have reported printed memristors made of 2DMs,"* ¢ while
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few works have also reported printed devices made with other types
of nanomaterials’’® (see ESI, Tables SI and SII). In literature,
fully printed 2DMs-based devices have been made by using silver to
print both the bottom and top electrode. The use of silver is
considered mandatory for the fabrication of printed 2DMs resistive
switches based on electrochemical metallization (ECM), as it
enables the formation of conductive filaments between the
electrodes.” However, there is no comprehensive research on
how the filament is formed and propagates in a randomly
assembled network of nanosheets, as produced by printing tech-
niques, hence leading to poor device reproducibility and limited
endurance. In addition, defects in MoS, nanosheets have been also
attributed to memristic effects,**”° hence the fundamentals of
the switching mechanism in printed devices is not completely
understood.

Herein, using water-based 2DMs and silver inks, we fabri-
cated MoS,-based ECM resistive switches by inkjet printing,
using silver as bottom electrode and graphene (Gr) as top
electrode (heterostructure: Ag/MoS,/Gr). The ability to replace
the printed silver with graphene enables to achieve better
mechanical flexibility, without degrading the performance of
the device: under optimized conditions, the fully printed Ag/
MoS,/Gr memristors offer performance comparable to those
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obtained in printed devices with silver as electrodes and with
other nanomaterials, such as TiO, and ZrO,, on rigid
substrates.'®*>?* The same device printed on Kapton shows a
stable memristic behavior up to at least 2% of strain. Finally, we
show that the memristic effect can be hindered by the integra-
tion of CVD Gr onto the silver electrode. Remarkably, hysteresis
is also strongly reduced when CVD Gr is integrated in a Gr/MoS,/
Gr heterostructure, showing that CVD Gr not only acts as a
barrier for the ions migration, but also enables to improve the
interface between the electrode and the dielectric layer, hence
enhancing the reliability and reproducibility of the device.

2. Results and discussion

Fig. 1a shows the schematic of the printed Ag/MoS,/Gr mem-
ristors. The inset displays an optical picture of 6 memristors
printed onto silicon (Si0,/Si), using the same ink and printing
conditions (see Methods). The inset in Fig. 1b shows a higher
magnification optical image of one of the memristors, showing
that the film edges are well defined - no visible blemishes or
breakages of the films are observed, confirming good print-
ability of the inks on the SiO,/Si substrate. To note that the
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Fig. 1 Electrical properties of fully printed Ag/MoS,/Gr memristors. (a) Schematic of fully printed Ag/MoS,/Gr memristors. Inset: Optical picture of 6
printed devices on silicon, scale bar: 5 mm. (b) Representative /-V curve of the Ag/MoS,/Gr device; inset: optical image at high magnification of the Ag/
MoS,/Gr memristor. (c) I-V curves taken over 10 cycles of the device made with STS. (d) Representative /-V curve of a non-volatile Ag/MoS,/Gr memory

obtained by applying a continuous sweep voltage to the device shown in p
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thickness of the silver film is found to be also important in the
optimization of the device fabrication: if the silver film is too
thick, cracks appear in the MoS, film (Fig. S1, ESIt), which is
printed on top of it, leading to devices with no resistive switch-
ing (RS) behavior.

All devices were made with a step-by-step (STS) annealing,
where each film of the heterostructure was annealed after
printing (see Experimental section for more details). Fig. 1b
shows the electrical characteristics of the device obtained at a
current compliance of 10" A: a clear threshold-type volatile RS
behavior is observed, i.e. the memristor abruptly switches from
a high resistance state (HRS) to a low resistance state (LRS)
beyond a threshold voltage, associated to the “SET process”,
and then shows resistance recovery when the bias is removed,
no matter the polarity of the sweep voltages. Fig. 1c shows the
I-V curves measured over 10 cycles. However, when we apply a
continuous sweep voltage, the switching characteristic turns
into a non-volatile behavior, as shown in Fig. 1d. In this case,
after setting the memristor in LRS with a switching voltage of
~5V, a voltage bias with opposite polarity is required to make
a RESET process, i.e. to bring the memristor to HRS.

As the memristic effect is expected to be caused by migra-
tions of silver ions and formation of conductive filaments, the
overlapped area between the silver electrode, the dielectric layer
and the top electrode is expected to affect the performance of
the device. Hence, the overlapped area has been changed by
varying the width of the Ag film from 0.1 mm to 0.5 mm. The
optical images of the devices are shown in Fig. S2 (ESIt). Fig. S3
(ESIt) shows that the Ag/MoS,/Gr memristors achieve higher RS
ratio with a relatively small active area. This seems to be
counterintuitive, however one should consider that the unifor-
mity of the silver film is expected to decrease by increasing
the printed area, for example some pin-holes are visible on the
widest silver films (Fig. S2, ESIf). Overall, the device with
0.2 mm width Ag bottom electrode shows the best performance,
amongst all devices investigated (Fig. S4, ESIt).

We also compared two different annealing processes: STS
and final-step (FS) annealing, in which the device was annealed
only once, and after printing of all components. Fig. S5a (ESIt)
shows the I-V curves measured over 10 cycles for a Ag/MoS,/Gr
device made with FS annealing: only hysteresis is observed.
Fig. S5b (ESIT) shows the memristor performance, reported as
the RS ratio, defined as the resistance ratio between the current
measured at the LRS and HRS (I; rs/Iurs) for all the Ag/MoS,/Gr
memristors, fabricated with different geometries (see ESI,
Table SIII for full details on the devices geometry) and divided
by type of annealing. Note that in Fig. S5b (ESIt) we normalized
the Ag/MoS,/Gr memristors by the active area. This figure
shows that STS annealed memristors are more likely to achieve
RS ratio above 10%. A maximum RS of 10°-10° can be achieved,
if the device is properly optimized. In contrast, the memristic
effect is hardly visible when FS annealing is used, with RS ratio
of 10” achieved only for a few devices.

In order to further investigate the effect of annealing on the
memristic behavior, we performed profilometry, cross-sectional
scanning electron microscopy (SEM), X-ray diffraction (XRD)
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and X-ray photoelectron spectroscopy (XPS). However, we did
not observe any strong change in the elemental composition
and structure of the films, before and after annealing
(Section S4, ESIT), in the limit of the experimental resolution.
Since pyrene melting temperature is ~400 °C, while glycol
propylene, Triton-X and Xanthan gum melt at 200-270 °C,
annealing at 150 °C is expected to remove mainly residual
water from the film. Previous studies on printed capacitors®!
have shown that STS annealing allows to better remove residual
water from the film, hence enabling to measure the dielectric
constant of printed h-BN films. Based on these observations, we
can conclude that the removal of water molecules somehow
affects the memristic behavior, i.e. STS annealing is needed to
see memristic effects in our device because this process is more
efficient than FS annealing at removing the residual solvent
from the printed film. Furthermore, it is likely that the printed
film may have also a slightly different morphology when
subjected to the different types of annealing but this cannot
be resolved with traditional characterization techniques. It is
clear that both the morphology and the presence of additional
molecules trapped in the film are crucial to obtain devices with
memristic effects, i.e. the structure and composition of the film
affect the formation of the silver filament. Therefore, we predict
that by finely controlling the morphology, porosity and compo-
sition of the printed dielectric film (e.g. amount of residual
solvent), the RS ratio could be even further improved.

Fig. 2a shows a pulsed voltage test on the optimized Ag/
MoS,/Gr memristor. A voltage of 4 V was applied with 1 second
pulse (ON/OFF time). After applying the pulsed voltage for a
total of 30 s, the device reaches the SET condition, by switching
onin just 0.1 s (Fig. S10, ESIT). The relatively rapid RS capability
enables fabrication of non-volatile Ag/MoS,/Gr memristors.
Fig. 2b summarizes the SET and RESET voltages of 50 memris-
tors. It can be seen that all devices are working, but due to the
non-uniformity of the inkjet printing devices, the SET and
RESET voltages are distributed in a small range, with the most
frequent SET voltage seen at about +2 V, while the RESET
voltage is slightly smaller, at around —1 V. To note that a
voltage switching range from +1.4 to £5 V has been observed in
devices that have been proposed for integration of 2D based
memristor in CMOS technology.*

We have also conducted up to 100 cycles of rapid testing and
examined the stability of the optimized memristor in both HRS
and LRS, finding that the device can keep switching for over
100 cycles and remains stable in both HRS and LRS for at least
10* seconds with negligible degradation. The estimated life-
time of the memristors in the LRS state is about 1000 hours
(Fig. S11, ESI¥). Fig. S12 (ESIT) shows that the switching speed of
the memristors increases when the voltage applied between the
two electrodes is increased, so as the ON/OFF ratio of the device.
The higher voltage is expected to speed up the migration of Ag
ions in the MoS, dielectric layer and to promote the rapid
switching of the memristors. The memristor can set in few
seconds even when narrow pulses voltage (At = 0.5 s and 0.6 s)
are applied. In particular, with a set voltage of 3V, the memristor
can switch for over 100 cycles, as shown in Fig. S13 (ESIf).

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Switching behavior of the Ag/MoS,/Gr memristors. (a) The current response from input voltage pulses generated by the Ag/MoS,/Gr device,

made with STS annealing. (b) Statistical distributions of Vsgr over 50 devices.

(c) Resistive switching characteristics of the Ag/MoS,/Gr memristors printed

on Kapton. Inset: Optical image of a printed devices on Kapton. (d) Cycle endurance test of a single Ag/MoS,/Gr on Kapton. (e) Switching voltage
measured on 10 Ag/MoS,/Gr devices printed on Kapton under bending at different strain. (f) Benchmarking of the fully printed Ag/MoS,/Gr memristor
compared to state-of-the-art printed memristors fabricated on rigid and flexible substrates.

Since our devices are fabricated by inkjet printing, they can
be easily integrated onto flexible substrates. The inset in Fig. 2¢
shows the optical image of a fully-printed Ag/MoS,/Gr memristor
printed on Kapton. Fig. S14 (ESIt) shows its I-V characteristics
over 10 cycles: each cycle shows stable memristic behaviour.
Fig. 2¢c shows the results of a bending test: the RS ratio remains
around 10” up to strain of 3%; Fig. 2d and Fig. S15 (ESIt) shows
that the RS ratio of the pristine and strained (under 1% and 2%
strain) Ag/MoS,/Gr memristors on Kapton remains between 10°-
10° for over 100 cycles. Fig. S16 (ESIt) shows the LRS and HRS

This journal is © The Royal Society of Chemistry 2024

and the I-V characteristics of a Ag/MoS,/Gr memristor that
has been bent for 500 times with a bending radius of 2.5 mm
(corresponding to 1% strain) and 1.25 mm (corresponding to 2%
strain). Both devices show similar switching characteristics of
the pristine (i.e. unbent) device printed on Kapton. The bending
endurance is comparable to most of the reported values for
printed memristors (ESLt Table SII(b)). This demonstrates the
suitability of the devices for flexible and printable electronics.
The switching voltage of the device under bending conditions
has also been reported in Fig. 2e, including statistical analysis

Mater. Horiz., 2024, 11,1344-1353 | 1347


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3mh01224g

Open Access Article. Published on 26 Tshitwe 2023. Downloaded on 2025-12-04 13:13:26.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Horizons

(see full set of data in ESI,¥ Table SV), showing good reprodu-
cibility of the performance parameters for strain up to 2%.
Finally, Fig. 2f compares the RS and the set voltage of our
printed memristors with fully printed memristors based on
various nanomaterials from the state of art (see ESIL,} Tables SI
and SII). When printed on rigid substrate, our devices show the
highest RS for a SET voltage below 2 V; on flexible substrate, our
devices show performance comparable to most of the printed
memristors reported in literature made with silver electrodes.
In silver-based ECM memristors, the RS mechanism is
explained by the Ag ions migration in the MoS, dielectric layer.
When a bias was applied on the device, the Ag atoms in the
bottom Ag electrode are oxidized to Ag" ions by the Joule effect
of the electric field. Afterwards, the Ag" ions are driven to the
top graphene electrode by the applied electric field, leading to
the re-distribution and accumulation of the space charge.
When reaching the graphene electrode, the Ag cations are
gradually reduced to Ag atoms, leading to the Ag filament
formation, which facilitates the switch from the HRS to LRS.
In contrast, with the applied reverse bias on the device, the Ag
atoms of the conductive filament are oxidized to the Ag", which
then migrate to the Ag electrode under the electric field. This
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leads to the dissolution of the conductive filament, causing the
resistance to switch from LRS to HRS. To verify this mecha-
nism, we printed a control device where Gr was used for both
electrodes, Fig. S17 (ESIt): no resistance switching behavior is
observed, as expected - just a small hysteresis is seen, similar
to the one observed in the FS annealed Ag/MoS,/Gr device
(Fig. S5a, ESIT).

Furthermore, the ECM-based RS mechanism can be easily
checked by fitting the I-V curve of the Ag/MoS,/Gr memristor,
as shown in Fig. 3a: in the HRS phase, the slope is 1.20 between
0V to 1V, showing a linear Ohmic conduction (J oc V, where J is
the current density); the slope increases for V > 1 and it is well
fitted with the Childs square at high bias (i.e. J oc V?), indicating
that the charge transport in the HRS fits well with the space
charge limited current (SCLC) model,*® in agreement with other
works.>® The slope of the I-V curve of the LRS is 1.22, close to 1,
indicating that charge transport conforms to the Ohmic law, in
agreement with the filament formation mechanism. Hence,
alternative RS models®® where contribution on the memristic
effect was explained by the presence of a Schottky barrier
between the MoS, flakes and the electrode, with the MoS, flakes
acting as electron trapping centers, are not valid for our devices.
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Fig. 3 Resistance switching mechanism of the Ag/MoS,/Gr memristor. (a) The positive part of the /-V curve in double logarithmic coordinates shows
Ohmic behaviour in LRS and SCLC behaviour in HRS. (b) Temperature of the conductive filaments as a function of current, calculated using egn (1). (c) LRS
and HRS resistance of the Ag/MoS,/Gr memristors as a function of the temperature in the 200-400 K range. (d) Setting voltage as a function of the
temperature in the 200-400 K range recorded by increasing (black line) and decreasing temperature (red line).
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Finally, following the model proposed in ref. 23, we also
extracted the temperature of the conductive filaments using the
following equation:>¢

7= I T (1
where V is the applied pulse voltage, I is the current when
applying the pulse voltage (obtained from Fig. S18, ESIt), T is
the temperature of the conductive filaments, ¢, is the dielectric
thickness (650 nm), k is the out-of-plane thermal conductivity
of MoS;, Tamp is the room temperature, and f; is a fitting
parameter that is proportional to the power lost at the con-
striction (i.e., I x V), as shown in Fig. S18b (ESIf). The dash
lines in Fig. 3b show T as a function of I, by using ¢, = 650 nm
and k = 0.3 W m ' K *.*” Fig. 3b shows that for I > 10 pA the
temperature starts to increase rapidly, reaching values close to
the melting point of the printed Ag nanoparticles (~400 K) in
close proximity to the filament.

Moreover, we performed electrical measurements at differ-
ent temperatures, starting from 200 K and increasing the
temperature to 400 K with 20 K steps, which have never been
reported for printed memristors. Fig. S19 (ESIt), Fig. 3c and d
show that memristic behaviour is observed only when the tem-
perature reaches 300 K. Furthermore, Fig. 3c shows that in the
HRS, the resistance of the device decreases with the temperature,
as expected for a semiconductor.’® In the LRS, the resistance
remains around 10* Q, independent of the temperature, as
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expected for a metal. Moreover, Fig. 3d shows that the setting
voltage changes with the temperature. For both the measurements
recorded by increasing temperature and decreasing temperature,
the setting voltage increases with the temperature. Normally,
higher temperature should help silver ions migration, so this
observation may indicate a change in the micro-structure of the
printed MoS, film for increasing temperature, which may hinder
the ions migration. Alternatively, this may indicate the presence of
another memristic mechanism, in addition to the silver filament,
for example related to defects in the MoS, film. On the other hand,
printed memristors show setting voltage in the range 1-4 V
(Fig. 2b), so this variation may simply be within the device-to-
device fluctuation range.

To further investigate the origin of the memristic effect
observed in the Ag/MoS,/Gr device, we used CVD graphene as
impermeable barrier,’*™** by integrating this material (see
Experimental and Section S10, ESIt for details) onto the silver
electrode. CVD graphene is expected to prevent silver ions
migration from the electrode to the dielectric. Fig. 4a-d show
that although the transfer of graphene is not perfect (e.g. some
folding and wrinkles are observed, possibly due to the rough
silver surface), still it is possible to transfer graphene on a
relatively large area with good coverage.

Fig. 4e shows the I-V characteristics of the Ag/CVD Gr/MoS,/
Gr device: no memristic behaviour is observed, confirming that
the silver ions migration from the bottom Ag electrode to the
top graphene electrode is strongly reduced by the presence of
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Fig. 4 Ag/MoS,/Gr memristors with integration of CVD graphene. (a) Optical image, (b) and (c) AFM image and (d) Raman mapping of the 2D peak
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the CVD graphene. Remarkably, the hysteresis window is
strongly reduced as compared with that observed in the Gr/
MoS,/Gr device, showing that CVD graphene enables to
improve the quality of the interface, possibly by reducing the
number of defects/trap states. Hysteresis is an unwanted effect
as it makes the I-V characteristic not reproducible and can
produce artefacts if measurements are taken too quickly,** so it
is of crucial importance to understand the origin of hysteresis
and find ways to minimize it. Our results show that the
integration of CVD graphene onto printed electrodes is a
simple solution to minimize the hysteresis, hence improving
the reliability and reproducibility of the devices.

To note that we also investigated transfer of CVD graphene
in the dielectric layer and at the interface between the dielectric
layer and the top electrode (Ag/MoS,/CVD Gr/MoS,/Gr) and Ag/
MoS,/CVD Gr/Gr, respectively. See Experimental and Section
S10 (ESIT) for more details. In the first configuration, none of
the devices have shown a clear memristic effect, confirming the
ability of CVD graphene to block the filament formation. In the
second case, some devices still show memory effects, see full
data in ESI,} Table SVII, possibly due to the increased difficulty
in device fabrication, leading to poor device reproducibility.

3. Conclusions

In summary, we have investigated the memristic behaviour of
fully inkjet printed heterostructures made by using water based
2D material inks and silver ink for the bottom electrode. Under
careful optimization, we demonstrated fully printed Ag/MoS,/
Gr memristors exhibiting improved performance as compared
to fully printed memristors on rigid substrate made of other
nanomaterials using silver electrodes.

The memristic effect is originated by the migration of silver
ions to form conductive filaments and can be completely
blocked by transferring CVD graphene onto the silver electrode.
We finally demonstrate a fully printed Ag/MoS,/Gr memristors
on Kapton showing reliable and stable signal up to 2% strain,
hence revealing the potential of 2DMs printable inks for the
development of the next generation of flexible memristors.

4. Experimental
Materials

Bulk graphite flakes (99.5% grade) were purchased from Gra-
phexel Ltd. Molybdenum disulfide powder (<2 pm, 99%) and
pyrene-1-sulfonic acid sodium (PS1) were purchased from
Sigma Aldrich (>97%). De-ionised water was prepared by a
Millipore Simplicity 185 water purification system with
the resistivity of ~18.2 MQ cm (at RT). The silver ink was
purchased from Sigma Aldrich (1.45 g mL ™" 4+ 0.05 g mL ™", 30-
35 wt% in triethylene glycol monomethyl ether).

Silver conductive paste was sourced from Sigma Aldrich.
Triton X-100 and Xanthan gum were purchased from Sigma-
Aldrich, UK. Silicon wafers with an oxide layer thickness of
~300 nm were purchased from IDB Technologies Ltd and
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cleaned by sonication, using a Sonorex RK 100 bath sonicator,
in acetone and Isopropyl Alcohol (IPA) at 35 kHz for 15 minutes,
each respectively prior to use. Monolayer graphene on Cu
grown by CVD was purchased from Graphenea. Anisole was
purchased from Honeywell (99%). Poly(methyl methacrylate)
(PMMA) was purchased from Sigma Aldrich (average M, =
350000, measured by GPC). 10 pL Dimatix cartridges were
purchased from Printed Electronics Ltd.

Preparation and characterization of graphene and MoS, inks

The ink preparation is described in ref. 5. In details, the
dispersion was sonicated at 300 W using a Hilsonic bath
sonicator for 120 hours. Flakes of appropriate lateral size were
collected via differential centrifugation to reduce the chance of
nozzle blockages. The liquid obtained was centrifuged using a
Sigma 1-14k refrigerated centrifuge at 3500 rpm (903 g) for
20 minutes before collecting the supernatant. The collected
supernatant was then centrifuged at 15000 rpm (16 600 g) for 1
hour and the precipitate re-dispersed in the printing solvent.
The solvent consists of less than 1:10 propylene glycol:water by
mass, >0.06 mg mL " Triton X-100 and >0.1 mg mL~" Xantan
gum. The concentration of 2D material was determined by UV-
Vis spectroscopy. The dispersion was diluted to reach a concen-
tration of 2 mg mL ', as measured by absorption spectroscopy
with a PerkinElmer 1-900 UV-vis-NIR spectrophotometer.
Absorption coefficients of 2460 L ¢~ m™" (at 660 nm) and
3400 Lg ' m~' (at 670 nm)*® were used for graphene and MoS,,
respectively. No aggregation is observed when the material is
transferred in the cartridge or during printing.

Transfer of CVD graphene

Commercial CVD graphene was transferred to SiO,/Si substrate
by PMMA-based transfer method. PMMA powder was dissolved
in anisole at 80 °C to form a 9 wt% PMMA solution. The PMMA
solution was spin coat onto CVD graphene at 2500 rpm for 60 s,
then the sample was heated at 170 °C for 5 min. The sample was
then placed in 0.5 mol% (NH,),S,0s, (6-12 h) to etch the copper
substrate. The sample is then cleaned with DI water to remove
extra (NH,4),S,05 and then transferred to the SiO,/Si substrate.
The PMMA film on the surface was dissolved by soaked into
acetone and at last the sample is dried by N, airflow.

Device fabrication

The SiO,/Si and Kapton substrates are cleaned by acetone and
IPA and then treated with Ar plasma for 15 s to improve
printability. A Fujifilm Dimatix DMP 2800 printer was used to
fabricate the devices. Printing was performed at a platen tem-
perature of 45 °C and drop spacing of 35 um.> The graphene film
was printed with 60 printing passes, giving a film thickness of
~200 nm on silicon (Fig. S6, ESIf). The silver ink was printed
with one pass (corresponding to a film thickness of ~100 nm),
as more passes result in cracks formation of the MoS, film.
Two post-processing approaches were investigated: (i) STS
annealing, where annealing is performed after printing each
film of the heterostructure. The Ag and 2D material-based films
were annealed at 150 °C for 30 min and 90 min, respectively, in
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vacuum. Note that after annealing, the printability on the
silicon is not good enough, so the sample is subjected to a
15 s Ar plasma treatment before the next material is printed.
This treatment does not affect the structure of the printed MoS,
film as shown by UV-Vis and Raman spectroscopy (ESI,{ Section
S10). (ii) FS annealing, where the device is first fully printed and
then annealed once at 150 °C for 180 minutes under vacuum.
50 devices were made for each post-processing conditions.

In the case of the devices containing CVD Gr, three types of
devices were investigated:

(i) Ag/CVD Gr/MoS,/Gr devices, where the CVD graphene is
transferred on top of the Ag electrode, hence acting as interface
between the silver and the MoS, dielectric layer;

(if) Ag/MoS,/CVD Gr/MoS,/Gr devices, where the CVD gra-
phene is integrated in the MoS, dielectric layer, after 20 passes
of the MoS, printed on the Ag, the CVD graphene is transferred,
then 60 passes more MoS, is printed, hence the CVD graphene
acting as barrier inside the dielectric.

(iii) Ag/MoS,/CVD Gr/Gr devices, where the CVD graphene is
transferred on top of the MoS, dielectric layer, hence acting as
interface between the dielectric and top electrode.

Ar plasma treatment for 60 s was performed after finishing
the whole printing process, in order to remove excess CVD
graphene.

All devices containing CVD graphene were made with STS
annealing before CVD graphene was transferred onto the
heterostructure.

Raman spectroscopy

A Renishaw Invia Raman spectrometer, equipped with a laser
with excitation wavelength of 514.5 nm and 2 mW laser power,
a 100x NA, 0.85 objective lens and a 2400 grooves mm '
grating was used. The Raman spectra were collected on 10
different spots for each sample to check for sample uniformity.

UV-Vis absorption spectroscopy

A PerkinElmer 1-900 UV-vis-NIR spectrophotometer was used to
measure the UV-vis spectra of the MoS, films drop-casted on
quartz glass.

XRD Spectroscopy

XRD spectra were acquired using a Bruker D8 Discover Auto-
changer, equipped with CuKa source. The step size and dwell
time was set to be 0.02 degree and 2 s, respectively.

X-ray Photoelectron Spectroscopy

XP spectra were acquired using Kratos Axis Ultra, equipped
with a monochromatic Al Ka source (hv = 1486.7 €V), under 8 x
10~ mbar vacuum. Survey spectra and core-level spectra (O 1s,
C 1s, Mo 3d and S 2p region) were acquired using 80 eV pass
energy, 0.5 eV step size and 20 eV pass energy, 0.1 eV step size,
respectively. Thin-film samples were prepared using drop cast-
ing method on a piece of Si wafer to enhance the conductivity.
Neutralizer was applied during the experiment to eliminate the
surface charging effect. Quantification of XP spectra were
performed using CasaXPS software. The relative sensitivity
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factors (RSFs) used for quantification are exported from
CasaXPS_KratosAxis-C1s which is a build-in library in CasaXPS.
All spectra were calibrated to contaminated hydrocarbon
components in C 1s spectra located at 284.8 eV. Shirley back-
grounds were applied to each spectrum for further peak fitting.
All constraints (peak positions, areas and FWHMs) used are
listed in ESI,{ Table SIV.

Profilometry

The thickness of the printed films was measured by using a
Veeco Dektak 8Stylus Profilometer. The equipment is charac-
terized by a stylus force of 3 mg and a scan resolution of
~0.28 pm. The films were measured in 3 different points from
which the average height and root mean square (RMS) rough-
ness are extracted.

Electrical measurements

An Agilent B1500A Semiconductor Device Parameter Analyser
was used to perform electrical measurements. Silver based
contacts were added to each end of the electrodes. When
testing the electrical properties, the Agilent B1500A Semicon-
ductor Device Parameter Analyser probes were then contacted
to the silver pads. The sweep rate was selected to 1s to allow
enough time for the ions to migrate. The dual sweeping cycle
was set from0V - 4V —» 0Vand then0V — (-4 V) - 0V, the
sweeping step was set as 0.02 V and the current limit was
0.001 A. The devices were tested between 5 and 10 cycles.

In the bending test, the strain (in %) is calculated as:
(h/2r) x 100%, where h is the substrate thickness (50 um for
the Kapton tape) and r is the curvature radius.

The electrical measurements at different temperatures were
performed with a four nanoprobes Janis probe station (Janis
ST-500 probe station), connected to a Keithley 4200 SCS
with current and voltage sensitivity better than 1 pA and
2 v, respectively. The electrical measurements were performed
at 10> mbar, obtained by evacuating the air in the chamber by
a rough and a turbo pump, and at different temperatures from
200 K to 400 K.
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from the corresponding author upon reasonable request.
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