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Fully Inkjet-Printed, 2D Materials-Based Field-Effect
Transistor for Water Sensing
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Lindsay E. Chaney, Xiaodong Yan, Hyun-June Jang, Haihui Pu, Xiaoao Shi, Shiyu Zhou,
Mark C. Hersam, and Junhong Chen*

Despite significant progress in solution-processing of 2D materials, it remains
challenging to reliably print high-performance semiconducting channels that
can be efficiently modulated in a field-effect transistor (FET). Herein,
electrochemically exfoliated MoS, nanosheets are inkjet-printed into ultrathin
semiconducting channels, resulting in high on/off current ratios up to 10°.
The reported printing strategy is reliable and general for thin film channel
fabrication even in the presence of the ubiquitous coffee-ring effect. Statistical
modeling analysis on the printed pattern profiles suggests that a spaced
parallel printing approach can overcome the coffee-ring effect during inkjet
printing, resulting in uniform 2D flake percolation networks. The uniformity of
the printed features allows the MoS, channel to be hundreds of micrometers
long, which easily accommodates the typical inkjet printing resolution of tens
of micrometers, thereby enabling fully printed FETs. As a proof of concept,
FET water sensors are demonstrated using printed MoS, as the FET channel,

1. Introduction

2D materials have attracted significant
research interest for sensing applica-
tions. Their excellent electronic prop-
erties, large specific surface area, and
chemical robustness enable sensors with
unprecedented sensitivity, stability, and
fast response. In particular, 2D material-
based field-effect transistor (FET) sen-
sors have the advantages of high sensi-
tivity, facile electrical readout, and com-
patibility with the integrated circuit tech-
nology. This class of sensors has al-
ready exhibited outstanding capabilities
in chemical, biological, mechanical, and
optical sensing.'* However, the sensor

and printed graphene as the electrodes and the sensing area. After
functionalization of the sensing area, the printed water sensor shows a
selective response to Pb?** in water down to 2 ppb. This work paves the way
for additive nanomanufacturing of FET-based sensors and related devices

using 2D nanomaterials.

device cost remains high due to con-
ventional material synthesis and device
fabrication techniques used to produce
these sensing devices. In many reports,
the ultrathin, single-2D nanosheet chan-
nels were obtained by mechanical exfo-
liation of bulk crystals,>®! which is a

X. Sui, H.-). Jang, H. Pu, X. Shi, J. Chen
Pritzker School of Molecular Engineering
University of Chicago

Chicago, IL 60637, USA

E-mail: junhongchen@uchicago.edu

X.Sui, H.-). Jang, H. Pu, J. Chen

Chemical Sciences and Engineering Division
Physical Sciences and Engineering Directorate
Argonne National Laboratory

Lemont, IL60439, USA

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/admt.202301288

© 2023 The Authors. Advanced Materials Technologies published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium, provided the original
work is properly cited, the use is non-commercial and no modifications
or adaptations are made.

DOI: 10.1002/admt.202301288

Adv. Mater. Technol. 2023, 2301288 2301288 (1 of 10)

X. Sui, S. V. Rangnekar, S. E. Liu, J. R. Downing, L. E. Chaney, X. Yan,
M. C. Hersam

Department of Materials Science and Engineering

Northwestern University

Evanston, IL 60208, USA

J. Lee, S. Zhou

Department of Industrial and Systems Engineering
University of Wisconsin—-Madison

Madison, WI 53706, USA

J. Lee

Wm Michael Barnes '64 Department of Industrial and Systems
Engineering

Texas A&M University

College Station, TX 77843, USA

M. C. Hersam

Department of Chemistry

Northwestern University

Evanston, IL 60208, USA

M. C. Hersam

Department of Electrical and Computer Engineering

Northwestern University
Evanston, IL 60208, USA

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmt.202301288&domain=pdf&date_stamp=2023-08-15

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

low-yield and time-intensive process, or chemical vapor de-
position (CVD) of 2D thin films,[*"?l which is both time- and
energy-intensive. In addition, expensive cleanroom-based pho-
tolithography is often utilized to pattern metal electrodes in
contact with the 2D channel. In contrast, solution-processing of
2D nanosheets for printable dispersions enables an alternative
manufacturing pathway for low-cost, high-throughput, and
reproducible sensor device fabrication.!'314

2D materials offer a broad spectrum of electronic character-
istics suitable for different FET sensor components, while the
dangling-bond-free surface of 2D nanosheets through liquid-
phase exfoliation promises high-performance van der Waals
(vdW) thin films with well-defined interfaces. For example,
graphene inks have been well-established for printing conductive
electrodes for a variety of sensor applications.l'>"8] In addition,
electrochemically exfoliated MoS, has recently emerged as a key
material for constructing semiconducting MoS, FET channels
with a high carrier mobility (%10 cm? V! s7!) and high on/off
current ratios up to 10° by spin-coating.['] This exfoliation ap-
proach produces large-area, few-layer semiconducting 2H-MoS,
at a high production volume. However, printed 2D semiconduct-
ing FET channels often show lower charge carrier mobility and
on/off ratio compared with spin-coated ones,[2*?!] or can work
well only under electrolytic gating conditions.[?>?%] These issues
result from the limited gate modulation depth and difficulties in
reliably achieving ultrathin percolating networks with 2D flakes
over large areas using standard printing techniques.

Among available printing options, the prominent advan-
tages of Drop-on-Demand (DoD) inkjet printing, including dig-
ital, maskless patterning, non-contact fabrication, controllable
droplet deposition, and minimized material usage, make it one
of the most promising and widely used additive manufactur-
ing methods for thin-film transistors (TFT5).["*] However, inkjet
printing is susceptible to the undesired coffee-ring effect (CRE),
which leads to nonuniform material deposition that could com-
promise electrical performance and device uniformity.”>! For
example, Kim et al.[?] reported that the on/off ratio of inkjet-
printed MoS, TFTs dropped to ~10? compared to =10° for
their spin-coated counterparts. To address film nonuniformi-
ties across large areas, researchers have used conventional pho-
tolithography to define device geometries with short channel
lengths close to the single-flake size (i.e., no more than several
micrometers??]), which is beyond the typical inkjet printing
resolution of tens of microns. The use of cleanroom processing
undermines most of the primary scalability and cost advantages
of additive manufacturing. Recently, Okin et al.l?’] reported an
inkjet-printed 2D material-based FET on a SiO, /Si substrate with
graphene electrodes and MoS, semiconducting channel, which
is 120 um long and 18 nm thick, and showed an on/off current
ratio of 10° under vacuum. The improved semiconducting per-
formance of the >100 um long MoS, channel was attributed to
the rapid evaporation of isopropyl alcohol (IPA) solvent during
ink droplet drying on the substrate, which greatly suppressed the
CRE to result in a uniform thin film deposition. This work high-
lights the importance of overcoming the CRE in inkjet printing
2D FET devices.

Here, inkjet printing is advanced to fabricate robust, ultrathin
MoS, semiconducting channels that are hundreds of microm-
eters long using electrochemically exfoliated MoS, nanosheets.
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The printed MoS, channels exhibit an on/off current ratio up
to 10° under ambient conditions instead of vacuum. Benefit-
ing from the optimized inkjet printing strategy, i.e., multilay-
ered deposition of single-line pattern, the printed ultrathin MoS,
nanosheet percolation networks are <10 nm thick, which are con-
firmed by atomic force microscopy (AFM) measurements and
further supported by statistical modeling analysis on printed pat-
tern profiles. The long channels are compatible with standard
inkjet printing resolution, thereby enabling fully printed FET de-
vices. Exploiting the large-area uniformity, fully functioning wa-
ter sensors for heavy metal ion detection are demonstrated us-
ing printed MoS, for the semiconducting channel and printed
graphene for the electrodes.

2. Results and Discussion

First, semiconducting MoS, ink was developed with specific con-
sideration for the following hallmarks of high-quality inkjet print-
ing: 1) The ink suspension should be stable without solute mate-
rial aggregation during the printing process. 2) The size of sus-
pended solid materials should be tailored within a certain size
range (e.g., <1/10 of the nozzle diameter based on this study) to
avoid nozzle clogging. 3) The rheological properties of the ink
should be tuned to ensure stable droplet jetting under each elec-
trical drive pulse. The ink rheology is generally evaluated by the
inverse Ohnesorge number Z = 4/ypa /5, which depends on
the ink viscosity (), surface tension (y), and density (p), and the
printer cartridge nozzle diameter (a). A Z value is expected to be
in the range of 1-14 for inkjet-printable inks.”! 4) Good sub-
strate wetting of the inks is necessary, which requires the ink
surface tension to be 7-10 mN m™' lower than the substrate
surface energy.?’! 5) Suitable fluidic properties are required to
minimize the CRE for uniform material deposition and desir-
able semiconducting performance. To satisfy the considerations
of 1) and 2), PVP-stabilized electrochemically exfoliated MoS,
was processed and filtered to ensure its stability during printing
and its size compatibility with the printer nozzle diameter (de-
tails in Experimental Section). To meet criteria 3), 4), and 5), the
MoS, nanosheets were formulated into printable inks using an
IPA/2-butanol (10 vol.%) solvent system, which has a Z value of
10, and sufficiently lower surface tension of ~28 mN m~! com-
pared to that of the Si/SiO, substrate ~#36 mN m~1.[?%] Finally,
the Marangoni-enhanced spreading observed in this formulation
unpins the contact line and deforms the droplet shape to alle-
viate the CRE.[?3% The above features make IPA/2-butanol bi-
nary solvents a common formulation for inkjet printing of 2D
nanosheets.[?>31733] However, there is debate that a single IPA sol-
vent without the additional 2-butanol works better in suppressing
the CRE for MoS, nanosheet deposition.[?>?’] This lack of con-
sensus reflects the challenge in completely eliminating the CRE
during inkjet printing. Therefore, instead of attempting to fully
remove the CRE, we sought to optimize the thin 2D semiconduct-
ing channels in the presence of the CRE based on the chosen ink
formula. This approach has the potential to be more reproducible
and general for the realization of thin 2D networks as semicon-
ducting channels.

The ink concentration used for inkjet printing was tuned to
1 mg mL™" of MoS, in IPA/2-butanol, and the nanosheet qual-
ity was first examined. The MoS, nanosheets have a lateral size
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Figure 1. a) Scanning electron microscopy (SEM) image, b) Atomic force microscopy (AFM) image and thickness distribution, and c) Raman spectrum
of tetraheptylammonium bromide (THAB)-exfoliated MoS, nanosheets in the ink.

within 2 pm and exhibit a narrow thickness distribution peak-
ing at ~2 nm (two to three-layer MoS,), although some thicker
flakes with a smaller lateral size can be detected (Figure 1a,b;
Figure S1, Supporting Information). The narrow thickness dis-
tribution minimizes the variation in the energy bandgap of the
MoS, nanosheets, benefiting the FET device performance.**
Raman peaks of E',, and A, at 384.9 and 405.7 cm™" with a
20.8 cm™! difference in between indicate the two-layer dominat-
ing feature of exfoliated Mo$S, nanosheets (Figure 1c),*] in agree-
ment with the AFM results.

A Fujifilm Dimatix DMP 2850 inkjet printer equipped with
a 10-pL cartridge was used to print the MoS, ink on a pre-
cleaned substrate of 300-nm thick SiO, on doped Si. The diam-
eter of individual printed dots is ~55 pm, and a drop spacing of
40 um was optimized to print Mo$, lines, showing uniform edges
(Figure 2a,d). More materials were deposited on the line pat-
tern edges, presenting the CRE. Channel patterns containing five
parallel lines were initially printed for electrical characterization
since multiple lines increase the probability of fabricating a per-
colating electronic pathway compared to single-line printing. To
improve electrical conductance, thermal annealing under Ar gas
flow was employed to remove the residual solvent and PVP from
the printed MoS, films as well as improve the contacts among
the flakes in the percolating network. Annealing temperatures in
the range of 250 to 350 °C were tested, and devices annealed at
350 °C were shown to have the best on/off ratios (back-gate V,
from —38 to 38 V) based on six printing-pass patterns —i.e., 6 lay-
ers of ink deposition (Figure 2b; Figure S2, Supporting Informa-
tion). This higher annealing temperature helps to reduce unin-
tentional impurity doping (e.g., from residual PVP), which shifts
the threshold voltage in the positive direction.['?] The optimal
annealing temperature also coincides with the thermal decom-
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position of PVP starting at ~350 °C,[?!} and thermogravimetric
analysis confirmed that dwelling at 350 °C does partially remove
PVP (Figure S3, Supporting Information). For thinner parallel
line patterns with fewer printing passes, a percolating network
was formed at two printing passes but was too resistive (on the
order of 10'® Ohm) to produce a stable transfer curve. With four
printing passes, a weak on/off ratio <2 was achieved. We noticed
a rapid film thickness increase during multi-line printing due
to the overlapping deposition along adjacent parallel lines (e.g.,
the darker regions in Figure 2a). Thick films introduce increased
electrostatic screening that sacrifices the gate modulation of the
printed MoS, channel.

In order to improve the on/off current ratio, single-line pat-
terns were printed to achieve thinner percolating networks. The
AFM image on the edge of the single-pass printing pattern in
the inset of Figure 2c indicates that the CRE persists as a major
challenge in inkjet printing and could not be removed completely
through the chosen solvent formulation. Nevertheless, the CRE
can be advantageously utilized to produce two parallel conductive
channels at the edges of the printed line. The edge thickness in-
creases with the printing passes, starting from ~3.8 nm for one
printing pass to ~#12 nm for eight printing passes as shown in
Figure 2c. Percolating networks can be prepared from four print-
ing passes with an edge thickness ~7 nm, which increases to
~10 nm for six printing passes (Figure 2d,e). As expected, the
on/off current ratio decreases with increasing printing passes,
which increases the film thickness, from an initial on/off ratio
of 10 for four printing passes to ~2 for eight printing passes
(Figure 2f), because the thicker film favors a higher off current
due to the limited gate modulation depth. However, thinner chan-
nels with higher on/off ratios have a larger performance vari-
ation and a limited device yield since they are so close to the
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Figure 2. a) SEM image of inkjet-printed single-layer MoS, patterns containing five parallel lines with an optimized drop spacing of 40 pm. b) On/off

current ratio as a function of annealing temperature. c) Edge thickness vs. printing passes with AFM images on the edges of one printing pass and eight
printing passes (horizontal arrows pointing to the line pattern center) in the inset. d) SEM image and e) AFM profile on the edge of printed MoS, single
line pattern with six printing passes (the horizontal arrow pointing to the line pattern center). f) On/off current ratio of MoS, single line pattern vs.
printing passes. A typical transfer curve of MoS, single line pattern with six printing passes on g) a 300 nm-SiO, /Si substrate and h) an ALD deposited

24 nm-AlO, /Si substrate.
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Figure 3. Preprocessed AFM images of single line patterns with thickness represented by the number of stacked MoS, nanosheets (left) and average
cross-sectional thickness profiles (right) for a) one printing pass and b) four printing passes. To simplify the mathematical analysis, we mirrored the
left half profile data (collected from the top half of the AFM images) to the right. c) The optimized average thickness profile of the MoS, channel with
two printing-pass 18 parallel lines, spaced by 7.2 um. The center region of interest is indicated with two vertical dashed lines. d) The optimized average
thickness profile of the MoS, channel with single-printing-pass 33 parallel lines, spaced by 3.9 um.

percolation threshold that an electrically percolating network is
not always achieved. For example, MoS, channels with four print-
ing passes exhibit a higher on/off current ratio but a larger varia-
tion and significantly lower yield ~50% (the others are open cir-
cuits) compared with thicker channels from more printing passes
(having ~100% device yield).

To balance the trade-off between on/off ratio and device uni-
formity as well as to guarantee a high device yield, semiconduct-
ing channels with ~#10 nm thickness from six printing passes,
which produce on/off ratios ~6, were chosen for further FET

Adv. Mater. Technol. 2023, 2301288 2301288 (5 of 10)

water sensor fabrication. A typical transfer curve of a 6-pass
printed channel is shown in Figure 2g, exhibiting an n-type semi-
conducting output. To evaluate the ultimate on/off current ra-
tio of the printed MoS, channel, an atomic layer deposited 24
nm-AlO, /Si substrate was used for more efficient gate modu-
lation. In this case, an on/off ratio on the order of 10° was ob-
served (Figure 2h), which is three orders of magnitude lower
than the intrinsic on/off ratio of a single exfoliated MoS, flake
on the order of 10° (Figure S4, Supporting Information), but
among the top-ranking performances reported for inkjet-printed

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 4. a) Fully inkjet-printed sensor devices on Si wafer and b) polymer substrate. c-e) Optical images, f) Raman spectra of MoS, (left with dotted
one from single flakes) and graphene (right), and g) transfer curve, with output I-V curve in the inset, of the sensor device on SiO,/Si.

2D semiconductor channels on substrates that employ an ox-
ide dielectric,!?*?7! as illustrated in Table S1 (Supporting Infor-
mation). The field-effect mobility achieved in our printed MoS,
is estimated to be ~0.27 cm? V~! S71, surpassing the values re-
ported in previous solution-processed MoS, transistors,!?23¢ by
L dl dly,

WeuTe oV where W is the slope of

the transfer curve; C,, = 3.03 x 10~/ F cm~? is the gate capaci-
tance for a 24-nm AlO,/Si substrate;?’] Vy; = 1V is the drain-
source voltage; L = 400 um and W = 100 um are used as the
semiconducting channel length and width, respectively (device
dimensional details are shown in Figure 4). It should be noted

using the equation: y =

Adv. Mater. Technol. 2023, 2301288 2301288 (6 of 10)

that the actual channel width is much smaller than the width of
the printed line pattern (%100 um), since the MoS, percolating
networks only form on the two edges of the line pattern. Thus,
the actual carrier mobility is considerably higher. It has been re-
ported that bis(trifluoromethane)sulfonimide (TFSI) treatment
could remove possible impurities and passivate sulfur vacancies
in the electrochemically exfoliated MoS, flakes, and thus further
increase the charge carrier mobility.'*2°2738] Moreover, measure-
ments in vacuum can further enhance mobility. However, for the
purpose of FET-based sensors, mobility is not a primary consid-
eration and thus further optimization of this metric was not per-
formed here.
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A data-driven mathematical analysis was conducted to under-
stand the formation of 2D flake percolating networks during
printing and to further investigate the optimal printing strat-
egy to obtain stable, thin percolating channels in the presence
of CRE. First, the average cross-sectional thickness profiles over
the longitudinal direction of the printed single line patterns are
obtained from the AFM images. The thickness profiles are then
converted into the number of stacked MoS, nanosheets with
the assumption that a single MoS, nanosheet thickness is 2 nm
(Figure 1b). This conversion demonstrates that nanosheet perco-
lation forms upon four printing passes: the maximum stacked
sheet number for the one printing pass profile (named baseline
profile) is 0.354, much <1, which means the channel is covered
by less than one layer of MoS, nanosheets on average and thus
is unlikely to achieve a percolation network by a single print-
ing pass (Figure 3a); in contrast, the four printing pass profile
(Figure 3b) has a maximum average stacked sheet number of
1.096, >1, which is on the border of percolating network forma-
tion. Since the sheet number peaks for four printing passes are
very close to one and only within two narrow edges, implying
the printed network is approaching the percolation threshold,*!
the device yield is limited to ~50% as observed. It is notewor-
thy that the preprocessed average cross-sectional thicknesses of
printed patterns are smaller than those from the line profile
measurement in Figure 2c, indicating thickness variations exist
along the longitudinal printing direction that may cause failure in
achieving network percolation. Thus, the average values here are
more efficient to describe the percolating behavior of printed 2D
nanosheets.

The observed semiconducting performances of printed MoS,
channels expose a dilemma that a thinner percolation network
results in a higher on-off current ratio, but the device yield will
be lower (Figure 2¢,f). This tradeoff can in part be attributed to the
ubiquitous CRE during printing thatleads to the uneven material
deposition of only two narrow, thicker networks on the two edges
(less chance to achieve percolation than uniform thin films). Fur-
ther mathematical modeling efforts reveal a spaced parallel print-
ing strategy (i.e., print parallel lines abreast with overlaps) to ac-
commodate this issue and achieve a wider, thin channel that has
a stable percolation network (details in Figures S5 and S6, Sup-
porting Information). The printer has a minimum controllable
drop spacing of 5 um (i.e., the minimum center-to-center dis-
tance from one drop to the next for ink deposition). Using this
minimum controlling drop spacing as a constraint, the model-
ing results reveal that printing parallel lines with an optimal dis-
tance of ~7 um and two printing passes for each line patterns
should result in a uniform, thin, width-adjustable, and stable per-
colating network in the center of the printed channel as shown in
Figure 3c. These printing conditions can improve both the semi-
conducting performance and the yield of prepared devices, be-
cause it is thinner than a single-line pattern with six printing
passes chosen for the FET device fabrication and close to the
thickness from four printing passes, while concurrently resulting
in a wider channel that increases the possibility of achieving per-
colation. This printing strategy is an effective and general way to
contend with the CRE for a uniform deposition during nanoma-
terial printing fabrication. Improvements in the minimum con-
trollable drop spacing provide further options for achieving reli-
able percolating networks with a flatter and thinner center region
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through only one printing pass as shown in Figure 3d with ~4 pm
drop spacing as an example.

After printing the MoS, semiconducting channel,
source/drain electrodes and an extended sensing area were
further printed using well-established graphene inks.***] The
chemical inertness of graphene electrodes can avoid unwanted
chemical degradation at the MoS,/contact interface.*’] After
moderate thermal annealing at 350 °C, a fully inkjet-printed
FET-based water sensor device is fabricated (Figure 4a), which
can also be mechanically flexible when printed onto polymer
substrates, e.g., polyimide (70 um thick) as shown in Figure 4b.
Bending tests along the MoS, channel length were performed to
investigate the mechanical stability of the printed flexible device.
A stable device resistance can be well kept after 1 000 bending
cycles at a radius of curvature of 13.5 mm and successive 500
bending cycles at a radius of curvature of 7.9 mm (Figure
S7a, Supporting Information). There is no visible morphology
change of the device after the bending test, suggesting a strong
affinity of the printed 2D materials with the polyimide substrate,
which could contribute to the mechanical stability of the flexible
devices (Figure S7b, Supporting Information). Sensor device
arrays can be readily achieved through printing pattern design,
demonstrating excellent scalability. The dimensions and print-
ing quality of the device are exhibited in Figure 4c—e. The MoS,
channels bridging the source/drain electrodes are designed to be
400 pm long (Figure 4c) to accommodate the printing resolution
and possible graphene ink diffusion along the pre-printed MoS,
channels during electrode printing (Figure 4d). A graphene
sensing area was connected and extended several millimeters
away from the MoS, channel to avoid the interference of the
analyte onto the circuit during sensing tests. In Figure 4f, the
distance of two characteristic Raman peaks of the printed MoS,
channel becomes wider compared with exfoliated single flakes,
indicating their stacking overlap to form a percolation network,
while the 2D, G, and D bands from printed graphene electrodes
present characteristics of multi-layer graphene.l**] In combi-
nation with graphene electrodes, the semiconducting property
of the MoS, channel is maintained as shown in Figure 4g,
and the linear I-V curve shown in the inset confirms ohmic
electrical contact between the MoS, channel and the graphene
electrodes. As a proof of concept for device application, the
extended graphene sensing area of the fabricated FET device was
functionalized with 1-pyrenebutyric acid through z-z interaction
for selective lead ion detection using an aqueous solution-gated
setup (Figure 5a). As shown in Figure 5b, much more efficient
top-gate modulation upon the FET device (i.e., much higher
on/off current ratio) is observed compared with the bottom-gate
modulation (i.e., bottom gate from the silicon wafer), showing
an inverse transfer curve output. The exhibited much higher
on/off current ratio 6.319 via top-gate modulation vs. 1.006 via
bottom-gate modulation with V, ranging from —0.5 to 0.5 V con-
firms the intrinsic good semiconducting property of the printed
MoS, FET channel, which is essential for a highly sensitive
detection through top-gate configuration.l’! The inverse output
is likely due to the direct contact of the graphene sensing area
with the MoS, channel as shown in Figure 5a. When a positive
V,, was applied through the analyte, which causes the ions to
migrate and accumulate at the gate-analyte and analyte-graphene
interfaces, i.e., forming two “electrical double layers” (EDLs).l*"]

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 5. a) Schematic of sensing test and charge transfer upon positive V,. b) Transfer curves of the same device upon top/bottom V, with a zoom-in
plot in the inset. c) Water sensor responses to Pb2* in water and d) calculated sensitivity according to Iy, at Vg =—0.15V (top gate) as indicated with
the dotted line in figure (c). The error bars illustrate the response curve fluctuations accordingly. e) Sensing response to Ca?* in water.

The semi-metallic graphene layer will shield the electric fields
from the top-gate electrode by repulsing its holes into the un-
derlying MoS,. The work functions of MoS, and graphene are
comparable, thus the Fermi level of graphene lies within the
conduction and valence bands of MoS,,[**% supporting this
charge transfer. The injected holes decrease the MoS, channel
conductance for a lower current output.

The sensor device was exposed to different Pb ion concentra-
tions, and top V, scans were applied to the sensor device until a
stable transfer curve output was obtained (within a few minutes)
as the sensing signal in response to individual Pb** concentra-
tions. The sensor initially responded at 10 nM (i.e., 2 ppb) of
Pb?* with a sensing response (i.e., Al /I ) of 6.5%, and became
saturated around 1 uM (i.e., 200 ppb), as shown in Figure 5c,d.
Common cations present in water including Ca’*, Mg?*, and
Na* have been used to evaluate the selectivity of water sensors;
no obvious sensing response was measured for these interfer-
ing cations (Figure 5e; Figure S8, Supporting Information). It
is believed that the functionalized —COOH of 1-pyrenebutyric
acid on the sensing area coordinates with Pb?* at the interface
between the analyte and the graphene sensing area,!**°!! induc-
ing an additional positive gate voltage, which decreased the I
according to the inverse transfer curve (top V, configuration in
Figure 5b).

3. Conclusion

Due to the CRE during inkjet printing, two edges of the line pat-
tern effectively form the percolating networks initially. By taking
advantage of this feature, a printing strategy of single-line pattern
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with multilayered deposition was used to fabricate ultrathin, ro-
bust MoS, semiconducting channels, and an on/off current ratio
up to 10* has been realized in printed FETs. This printing strat-
egy utilizing CRE is general and feasible for ultrathin 2D conduc-
tive channel construction with a given ink formulation. Further
statistical modeling analysis suggested a spaced parallel printing
approach as another approach to achieve uniform 2D flake per-
colation networks even for inks that show the CRE. The printed
MoS, channel can be hundreds of micrometers long, which is
compatible with inkjet printing resolution and facilitates a fully
printed FET device. As a proof of concept for device application, a
fully functioning FET-based water sensor with an extended sens-
ing area has been fabricated based on the printed MoS, semicon-
ducting channel and graphene electrodes. After 1-pyrenebutyric
acid functionalization, the water sensor showed a selective re-
sponse to Pb** in water with a concentration as low as 2 ppb.
This work can likely be generalized to other FET-based devices,
thereby increasing the application potential of 2D materials in
additive manufacturing.

4. Experimental Section

Chemicals:  For the MoS, ink, a synthetic single crystal (2D Semicon-
ductors, USA) was first electrochemically intercalated by tetraheptylam-
monium bromide (THAB) in acetonitrile and stabilized by polyvinylpyrroli-
done (PVP; MW: 29 kDa) in isopropyl alcohol (IPA) following a previously
published protocol.l®! To remove unexfoliated material, the dispersion
was centrifuged in a Beckman Coulter |S-7.5 rotor at 7 500 rpm for 5 min.
The supernatant was retained as a viable MoS, dispersion. To formulate
an inkjet-printable ink, the MoS, /IPA dispersion was first filtered through
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a 1 um glass fiber syringe filter. The rheology of the ink was adjusted by
adding 2-butanol to a final IPA : 2-butanol volume ratio of 9:1; this solvent
system has been demonstrated by Hu et al.[?°! to be robust for inkjet print-
ing. The final ink concentration was finalized to be ~1 mg mL~", which was
confirmed by UV-vis spectroscopy. The graphene ink was prepared as pre-
viously reported.["®] Metal chloride or nitrate salts used to prepare metal
ion solutions with deionized (DI) water were all purchased from Sigma—
Aldrich.

Sensor Device Fabrication by Inkjet Printing: The MoS,-IPA/2-butanol
ink was used to print an MoS, percolating network as the semiconducting
channel, and the graphene ink was used for printing conductive electrodes
onto SiO, (300 nm)/Si wafers or polyimide substrates (#300NH from
DuPont). The substrates were pre-cleaned by acetone, IPA, and DI water
with sonication for 10 min, respectively, prior to material deposition. A Fu-
jifilm Dimatix DMP 2850 inkjet printer equipped with a 10-pL cartridge (Fu-
jifilm Dimatix, DMC-11610) having a nozzle diameter of 21 um was used
for the inkjet printing. A slightly modified preprogrammed inverted trape-
zoid waveform with a jetting voltage of 16-18 V and a maximum jetting
frequency of 5 kHz was utilized for the ink deposition. A typical working
distance between the nozzle and the substrate is 1 mm. Drop spacing was
optimized to be 40 pm for MoS, flake deposition and 30 um for graphene
flake deposition onto the substrates that were heated to 50 °C. To fabricate
an FET water sensor, the MoS, channel was first printed followed by four
layers of graphene electrode deposition. The MoS, channel length was
400 um between the source and drain electrodes. The resulting devices
were annealed at 350 °C for 1 h in Ar gas to remove residual additives
in the inks and improve the junction contacts of the entire devices. The
graphene sensing area was then functionalized with 1-pyrenebutyric acid
through N,N-Dimethylmethanamidesolution (DMF) solution (100 mM)
incubation at room temperature for 1 h to obtain the fully functioning
inkjet-printed water sensor, which can be used for lead ion detection. The
electrical properties and sensing performance of the resulting water sen-
sors were characterized by a Keithley 4200A-SCS semiconductor character-
ization system under ambient conditions. A narrow top V, window within
+ 0.5 V was applied to avoid electrolysis during the sensing test.

Characterization:  Scanning electron microscopy (SEM) and optical
microscopy were performed using a JEOL JSM-7500 (FE) SEM and OMAX
Infinity Trinocular Metallurgical Microscope, respectively. Raman spec-
troscopy was measured using an inVia InSpect confocal Raman micro-
scope with a 532-nm laser source. Thermogravimetric analysis (TGA)
was conducted with a Mettler Toledo TGA/DSC 3+ under an argon flow
(50 mL min~") at a heating rate of 7.5 °C min~' from room temperature
to 800 °C. Atomic force microscopy (AFM) was measured with a Bruker
ICON System.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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