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ABSTRACT

We present dispersions of WS, and h-BN using cyclohexanone and terpineol as the solvent to subsequently print prototype capacitive
nanodevices. An all-inkjet-printing approach was used to print graphene-h-BN-graphene capacitors along with graphene-WS,-graphene
structures. As the number of passes for inkjet printing the h-BN layer within graphene electrodes was increased, the leakage currents
successively decreased. The capacitance-frequency (C-f) measurement data for the printed capacitor (with 40 passes of h-BN) within
graphene electrodes showed that at ~1 kHz, the maximum capacitance was ~62 pF, and with increasing frequency, the capacitance value
decreases. The inkjet printed graphene-WS,-graphene heterostructure devices were also constructed using horn tip sonication, where the
C-f measurements revealed that C as high as ~324.88 pF was attainable, which was largely frequency independent up to ~20 kHz. This is in
contrast with the h-BN layer integrated with graphene electrodes, where the measured C was more than ~5 times lower over the range of
frequencies tested and also exhibited a strong decay as frequency increased from 1 kHz.
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I. INTRODUCTION

Since the first emergence of graphene, the two-dimensional
(2D) allotrope of carbon, in 2004," various other layered materials
have been the center of attention, specifically transition metal
dichalcogenides (TMDCs). These materials have successfully drawn
great interest among researchers all over the world owing to their
state-of-the-art electronic,’ optical,"1 mechanical,” and chemical
properties.” They are representative of a class of materials having
the formula MX,, where M is a transition metal element (e.g., Mo,
W, Ti, V, or Nb) and X is a chalcogen (S, Se, or Te). Schematically,
the TMDCs have a layered structure in the form of X-M-X, where
one plane of the metal atoms is sandwiched by two planes of chal-
cogen atoms.” In several of these semiconducting TMDGCs, such as
MoS, and WS,, an indirect-to-direct bandgap transition is noticed
when the bulk layered material is exfoliated down to monolayers.”’
These TMDCs also display sizable bandgaps ranging within 1 to
beyond 2 eV, which makes them very promising for many electronic
and optoelectronic devices, potentially as alternatives to Si-based
(bandgap ~1.14 eV) or GaAs-based (bandgap ~1.43 eV) devices.’

While a significant amount of work has already been con-
ducted on MoS, exfoliation to better elucidate its optical and elec-
tronic properties,'’”"* the body of work on similar exfoliation
studies on semiconducting WS, as well as dielectric h-BN, also a
layered material, has been relatively sparse. For WS, in its bulk
form, it exhibits an indirect bandgap of ~1.4 eV and undergoes a
transition to a direct bandgap semiconductor with a bandgap of
~2.1eV in the monolayer limit,"> which makes it attractive for
high-performance electronic and optoelectronic devices.'*™*

Many of the 2D layered material based devices, including h-BN
and WS,, can be fabricated using bottom-up approaches such as
physical vapor deposition”” or chemical vapor deposition,”® where
the atomic species stack up to form the 2D nanosheets. However,
these layered materials can also be manufactured using top-down
approaches such as mechanical”® or chemical exfoliation,” where
the 2D atomic layer membranes emerge from the bulk crystal. The
liquid-phase or chemical exfoliation of these and related materials
have been seen to offer a range of advantages over other methods,
which includes low processing cost, attractive scalability toward large

J. Vac. Sci. Technol. B 38(5) Sep/Oct 2020; doi: 10.1116/6.0000092
Published under license by AVS.

38, 052201-1


https://doi.org/10.1116/6.0000092
https://doi.org/10.1116/6.0000092
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1116/6.0000092
http://crossmark.crossref.org/dialog/?doi=10.1116/6.0000092&domain=pdf&date_stamp=2020-07-30
http://orcid.org/0000-0003-4052-8064
mailto:anupama.kaul@unt.edu
https://doi.org/10.1116/6.0000092
https://avs.scitation.org/journal/jvb

JVSTB

Journal of Vacuum Science & Technology B

formats, their material conserving nature, and low-temperature pro-
cessing even approaching room temperature.’'

In this work, we have used additive manufacturing tech-
niques to form capacitive structures with 2D atomic layers of
h-BN where we have relied exclusively on inkjet printing. Kelly
et al”* developed an approach to print pinhole-free, vertically
stacked heterostructures using a hybrid approach of inkjet print-
ing and spray-coating for graphene/BN/graphene capacitive struc-
tures that exhibited an aerial capacitance ranging from 0.24 to
1.1nF/cm® with an average series resistance of 120 kW. Park
et al’ fabricated metal-insulator-semiconductor ~capacitors
with h-BN dielectric films grown using a high temperature
plasma-enhanced atomic layer deposition process, where a capaci-
tance density of up to ~0.13 uF/cm” and a current density of up
to ~107> A/cm> were reported. In our work, the horn tip (HT)
sonication exfoliation route was used to exfoliate dielectric h-BN
and semiconducting WS, along with conducting graphene inks.
Inkjet printing was then used for the formation of capacitive
structures comprised of h-BN and WS, nanosheets integrated
with graphene electrodes. Raman and photoluminescence (PL)
spectroscopy and optical absorption spectroscopy were used for
the material analysis, while current-voltage, capacitance-voltage
(C-V), and capacitance-frequency (C-f) measurements were used
to characterize the capacitive structures comprised of inkjet
printed h-BN and WS, layers.

Il. RESULTS AND DISCUSSION

A. Dielectric h-BN and conducting graphene ink for
capacitors

Cyclohexanone (70%) (Sigma Aldrich # 398241)/terpineol
(30%) (Sigma Aldrich # 86480) solution (C/T) mixtures were pre-
pared in 20 ml glass vials. Ethyl cellulose (EC), (2.5 wt. %) (Sigma
Aldrich # 200646) was successively added to the solution and the
system was bath sonicated for 2h to ensure the complete dissolu-
tion of EC in the C/T solution mixture. This particular combina-
tion of C/T/EC has a viscosity of ~12 cP, ideal for inkjet printing,

(a) (b)
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as it has been reported in our previous work.” For h-BN, the
mixture was bath sonicated for 2h to promote the complete
and uniform mixing of EC in the C/T solution. The graphite
(Sigma Aldrich # 496553) and h-BN (Sigma Aldrich # 255475)
powders in a concentration of 30 mg/ml or 0.6 g were then taken
in two separate 50 ml beakers, and 20 ml of the C/T/EC solution
was added to both of the mixtures. The exfoliation technique used
here is HT sonication, which exposes the layered material to ultra-
sonic waves in an appropriate solvent by inducing vibrations
through a horn tip. Ultrasonic waves cause cavitation bubbles that
eventually collapse into high energy jets, breaking up the layered
crystallites to give rise to exfoliated nanosheets. HT sonication at
20% and 40% power amplitude is denoted as HT (low) and HT
(high), respectively. HT (high) and magnetic stirring at 500 rpm
for 3h were then employed for the graphene and h-BN ink
preparation. For the graphene ink, 15 passes were printed,
whereas the h-BN was printed at passes varying from ~6, 12, 20,
30, and up to 40.

Figure 1(a) demonstrates the optical image of a 2 x 2 mm?
inkjet printed h-BN structure on an SiO,/Si substrate. Figure 1(b)
shows the inkjet printed graphene-h-BN-graphene capacitor, where
the h-BN layer is sandwiched in between the graphene layers. The
optical absorption characteristics for the printed h-BN structure are
shown in Fig. 2(a), which reveals that it is active in the UV regime,
while graphene’s optical activity is largely undetected into the
visible regime from the data shown. Raman spectroscopy was used
to characterize the material using a Horiba LabRAM HR Evolution
Microscope. In Raman spectroscopy, the interaction of an incom-
ing laser with the molecular vibrations of the material of interest
causes a change in the energy of the outgoing reflected photons.
This change in energy relays information about the unique vibra-
tional modes and serves as a fingerprint for the material of
interest.”*™*' The Raman spectra for printed graphene patterns at
room temperature is shown in Fig. 2(b) exhibiting peaks at ~1350,
~1577, and ~2700 cm™! attributed to the D-band, G-band, and
G’-band, respectively. The room temperature Raman spectra for the
annealed and optimized h-BN layer is shown in Fig. 2(c), which

FIG. 1. (a) Optical image of a 2x 2 mm? inkjet printed h-BN structure on an SiO,/Si substrate. (b) Inkjet printed graphene-h-BN-graphene capacitor, where the h-BN layer

is sandwiched in between the graphene layers.
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FIG. 2. (a) Optical absorption of graphene and h-BN as a function of wave-
length. (b) Room temperature Raman spectra of the solution cast, annealed,
and optimized graphene films. (c) Room temperature Raman spectra of the sol-
ution cast, annealed, and optimized h-BN films.
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reveals its characteristic peak (E,; band) centered about a Raman
wavenumber of 1367 cm™'. In our prior studies,’”” we have com-
puted the fragmentation rate of some typical 2D layered materials
such as MoS,, WS,, and graphene when these were dispersed in
solvents, where the fragmentation rate is a measure of the particle
size reduction with ultrasonication time. From this work, we deter-
mined that the highest fragmentation rate generally occurred for
sonication times ~30 min, and our h-BN material used here was
sonicated well beyond these times. We infer the thickness of our
printed structures based on our prior exploration, where the thick-
ness of graphene changed from ~505nm for 10 printing passes to
~1667 nm for 50 printing passes.43

Electrical characterization of the inkjet printed graphene-h-BN-
graphene structure was conducted using the 450PM-B micromanipu-
lator probe stage interfaced to an Agilent 4156A precision
semiconductor parameter analyzer, along with the Lakeshore
CRX-4K probe stage and Keysight B1500 semiconductor device
analyzer, which was used for the capacitance (C)-frequency (f)
measurements. Figures 3(a) and 3(b) depict the I-V characteristic
data and the C-f response for the printed graphene-h-BN-graphene
heterostructure, respectively. The h-BN layer in the capacitor
shown in Fig. 1(b) was printed with a different number of passes,
specifically ~6, 12, 20, 30, and 40 to compare the leakage current
in the capacitor. In Fig. 3(a), the I-V shows high leakage currents
for 6, 12, 20, and 30 passes of h-BN, although with an increasing
number of passes, the current successively decreases. The top I-V
characteristic in the inset for 40 passes for h-BN reveals leakage
currents diminished to the nA range, suggesting that the optimized
number of layers of 40 passes would be a good choice for further
device studies. Figure 3(b) demonstrates the C-f measurement data
for the printed capacitor (with 40 passes of h-BN) with various
bias voltages applied at room temperature. At ~1kHz, the
maximum capacitance of ~62 pF was observed for each of the bias
voltages, and with increasing frequency, the capacitance value
decreases. When the frequency is low ~1 kHz, deeper traps partici-
pate particularly at the interfaces, and hence, the capacitance is
high. As the frequency increases, the capacitor passes more charge
across the plates in a given time resulting in a greater current flow
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FIG. 3. (a) I-V characteristic of the inkjet printed graphene-h-BN-graphene capacitor, where h-BN was printed with 6, 12, 20, and 30 passes to explore the variation of the
leakage current. With increasing passes, the leakage current decreased. The top inset shows that with 40 passes for the h-BN layer, the leakage current was reduced to the nA
range. (b) The C-f response of the |nkJet pnnted capacnor with 40 passes of h BN, where the capautance value was measured for vanous blas voltages at room temperature At

a low freauency of ~1 kHz, the max
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through the capacitor, which decreases the capacitance. The same

phenomena were observed for all bias voltages. +

~
oo
—

—— HT (Low)
20 {—— HT (High)
B. Semiconducting WS, integrated with graphene for
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capacitors

Besides dielectric (h-BN) and conducting (graphene) inks, the

dissolution of semiconducting 2D materials, specifically WS,, was
also investigated for ink formulation. The WS, powder was used at
a concentration of 30 mg/ml for all our experiments. For horn tip
sonication, WS, powder was taken in two separate glass beakers
and 20 ml of the C/T/EC solution mixture was again added. This 30 I I
was the minimum amount of solution required for horn tip sonica- 20 -15 -10 -5 0 5 10 15 20
tion. A minimum [HT (low)] and a maximum power amplitude Voltage (V)
[HT (high)] were used, and the total sonication time was 6h. (b)
Sonication was performed at these conditions since these condi-
tions did not lead to overheating the solutions, which potentially
initiates degradative mechanisms and oxidation in the materials.
The Fujifilm DMP-2800 series Dimatix Material Printer consisting
of 16 inkjet nozzles was used to print graphene-WS,-graphene het-
erostructure devices, and annealing for each layer was performed
at 250°C for 2h to ensure much of the solvent desorbs from
the printed film. A cartridge and a platen temperature of ~40 and
60 °C, respectively, were used during the printing.

Figure 4(a) shows the I-V characteristics of the exfoliated WS,

through direct probing. The higher electrical conductivity of the
HT (high) samples may be inferred to the lower resistance offered
by the few-layer WS, nanosheets as the interlayer transport among
van der Waals solids is usually found to be poor.”" Figure 4(b) (C)
shows the room temperature Raman spectra of the exfoliated WS,.
In WS,, two primary Raman active modes, the A;, mode arising
from the out-of-plane vibrations related to the sulfur atoms occurs
at ~418.8 cm™!, while the 2LA(M) mode occurs at ~352.4cm™.
The latter results from the in-plane displacement of tungsten and
sulfur atoms, and both the A;; mode and the 2LA(M) mode are
shown in the spectra of Fig. 4(b).

Photoluminescence refers to the phenomenon of light emis-
sion from a material after an incoming photon is absorbed. The PL
spectra intensity reaches a peak value when monolayers are pro-
duced suggesting direct interband transitions, and the intensity typ- 600 700 300 900 1000
ically decreases and redshifts as the number of atomic layers Wavelength (nm)
increases. The PL spectra of the HT (high) sample in Fig. 4(c)
showed a single, intense peak with a full-width-half-maximum
~142.6 nm and the shift in the wavelength (or equivalently energy)

Current (HA)
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FIG. 4. (a) |-V characteristic for the HT (low) and HT (high) exfoliated WS,
using direct probing. (b) Room temperature Raman spectra for the HT (low) and

A for the PL peak was also noted for various samples. The A is HT (high) exfoliated WS;. (c) Photoluminescence characteristics of the HT (low)
blueshifted by ~147 nm from the weakly defined PL peak for the and HT (high) exfoliated WS, where a blueshift A ~ 147 nm is noted for the HT
HT (low) sample as compared to the HT (high) sample. The (high) sample, presumably due to the thinner membranes obtained at these
higher PL intensity of HT (high) relative to HT (low) suggests a conditions compared to HT (low).

greater degree of exfoliation toward thinner molecular membranes.
C-V measurements were conducted to analyze the nature of the
graphene-WS, interface as shown by the data in Fig. 5. The probes
were placed across two graphene contact pads by which the C was The inverse proportionality of C values with increasing f is due to a
measured as a function of bias voltage V using the Keysight decrease in the Schottky barrier height at the interface. No signifi-
B1500A semiconductor device analyzer and the multifrequency cant change in C values was observed when f>200kHz, which
CMU BI1520A interfaced to it. When the frequency, f, applied is refers to the absence of a barrier against the flow of electrons. The
significantly low, a higher value of C is seen. This can be attributed highest C value was found at 20 kHz and at 0V, where a value of
to interfacial trapped states giving rise to additional capacitance. ~324.88 pF was noted, while the lowest C ~2.81 pF was noted at
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FIG. 5. Capacitance-voltage (C-V) measurements of the graphene-WS,-graphene
structures showing C ~ 324 pF at 1 kHz, which is more than 5x larger than the
graphene-h-BN-graphene structures and is largely unchanged with frequency up
to ~20 kHz.

the highest f of ~3 MHz and at 0 V. The C-V measurements not
only assist in the prediction of the formation of the depletion
region but also in predicting the charging and discharging of the
capacitance.”®”” The inks and fabricated devices showed stability
for over 3 months. These results are indicative of promising mate-
rial performance for potential RF and microwave devices emerging
from inkjet printing of 2D van der Waals solids.

11l. CONCLUSIONS

In conclusion, this work revealed that HT sonication resulted
in promising dispersions of semiconducting WS,, dielectric h-BN,
and conducting graphene inks. From the I-V measurements, as the
number of passes for printing the h-BN layer within graphene elec-
trodes was increased, the leakage currents successively decreased.
The C-f measurement data for the printed capacitor (with 40
passes of h-BN) with graphene electrodes showed that at ~1 kHz,
the maximum capacitance of ~62 pF was observed, and with
increasing frequency, the capacitance value decreases. The inkjet
printed graphene-WS,-graphene heterostructure devices were also
constructed using HT sonication, where the C-f measurements
revealed that C as high as ~324.88 pF was observed, which was
largely frequency independent up to ~20 kHz. This is in contrast
with the h-BN layer integrated with graphene electrodes, where the
measured C was more than ~5 times lower over the range of fre-
quencies tested and also exhibited a strong decay as frequency
increased from 1 kHz.
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