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Ultrasensitive Molecular Sensors Based on Real-Time
Impedance Spectroscopy in Solution-Processed

2D Materials
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Julia R. Downing, Ajit Roy, Christopher Muratore, Mark C. Hersam, Richard Vaia,

Steve Kim, and Nicholas R. Glavin*

Chemical sensors based on solution-processed 2D nanomaterials represent
an extremely attractive approach toward scalable and low-cost devices.
Through the implementation of real-time impedance spectroscopy and devel-
opment of a three-element circuit model, redox exfoliated MoS, nanoflakes
demonstrate an ultrasensitive empirical detection limit of NO, gas at 1 ppb,
with an extrapolated ultimate detection limit approaching 63 ppt. This sensor
construct reveals a more than three orders of magnitude improvement from
conventional direct current sensing approaches as the traditionally dominant
interflake interactions are bypassed in favor of selectively extracting intraflake
doping effects. This same approach allows for an all solution-processed, flex-
ible 2D sensor to be fabricated on a polyimide substrate using a combination
of graphene contacts and drop-casted MoS, nanoflakes, exhibiting similar
sensitivity limits. Finally, a thermal annealing strategy is used to explore the
tunability of the nanoflake interactions and subsequent circuit model fit, with
a demonstrated sensitivity improvement of 2x with thermal annealing at

200 °C.

1. Introduction

The high surface to volume ratio, tunable surface chemistry, and
exceptional electronic properties of 2D materials have resulted
in chemical gas sensor devices with some of the highest sensi-
tivities of any material class to date.'?l Semiconducting tran-

sition metal dichalcogenides (TMDs),
including 2D molybdenum disulfide
(MoS;), have drawn much interest in the
sensing community, especially for analytes
such as NO, and NH; that are known to
alter the electrical conductivity of TMDs
via doping.>! Electronic sensors tradi-
tionally involve a simple two-terminal
electronic device with MoS, as a channel
material,l® where molecular binding
events within the semiconducting channel
alter the direct current (DC) conduc-
tivity.”l The detection limits for MoS, and
other TMDs integrated into DC sensor
devices, however, tend to be limited to
the ppm range, %1 which is insufficient
for detecting harmful gases at hazardous
exposure limits such as NO, (1 ppm),
CS, (1 ppm), and naphthalene (0.1 ppm).
Various strategies have been implemented
to lower the detection threshold, which
have mainly focused on creating hetero-
structures or other novel material configurations,*2-2%l using
photon excitation, surface acoustic waves, or electrical resist-
ance sensitivity enhancement through field-effect transis-
tors, 1?23 Schottky diodes,?*?°! conductometrics,?*% or some
combination thereof.?#2%1 Of these strategies, photoexcitation
has demonstrated the most promise, with resultant sensors
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demonstrating an ultimate detection limit of NO, at sub ppb  rely upon analyte-active phenomena that are not necessary

levels.[330-33] in the presented method. Herein, we present a technique to
Simple device architectures incorporating solution-processed  increase the detection threshold by three orders of magnitude

materials without the requirement for photoexcitation create a  for solution-processed MoS, nanoflakes via real-time measure-

paradigm shift in the design of low cost sensors, where tech-  ment of impedance without the requirement of photoexcitation

niques including additive manufacturing and flow coating can  or thermal annealing, which can be deleterious to wearable

take advantage of high volume production and scale-up for  platforms.*

industrial purposes.?¥ Additionally, solution-processable 2D

nanoflake architectures provide extremely high surface area

to volume r.atios, with jche.vapor having access .to b(?th surface 2. Results and Discussion

and edge sites.?>38 Liquid-phase electrochemical impedance

spectroscopy, where measurement of AC frequency sweeps and  The few-layer TMD nanoflakes used in this work were exfoli-

subsequent modeling to create a physical equivalent circuit, is  ated from bulk powders using the redox exfoliation process

a common technique in liquid electrolytes®®* including 2D and dispersed in acetonitrile.*®->% The dispersions contain of

materials.*l Impedimetric sensorsi* and even full frequency ~ few-layer MoS, flakes with a strong optical absorbance peak

sweeps with equivalent circuits*! have also been employed in  at 669 nm (1.85 eV), an average flake diameter of 100 nm, and

gas sensing, but have yet to be used with solution-processed  a thickness of 2-8 layers (Figure 1a,b). The acetonitrile/MoS,

nanoflakes in a practical sensor configuration. Furthermore, dispersions were flow-coated (depicted in Figure 1c) onto a

both electrochemical activity and resonance methods typically ~ Si/SiO, substrate with patterned Ti/Au contacts (10 nm
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Figure 1. Morphology analysis of MoS, nanoflake films. a) UV-vis absorption spectrum of MoS, flakes used for film deposition. Direct bandgap is
observed at 669 nm, indicating the dispersion is rich in few-to-monolayer populations. Inset: Optical image of diluted dispersion. b) Height analysis of
MoS, flakes indicating that the average height of each flake is 4.0 £ 1.2 nm. Typical step heights of flakes obtained from the redox exfoliation method are
generally 1.5-2 nm, indicating the individual flakes are typically 1-3 layers in the films analyzed in this study and inset depicts AFM image of MoS, flakes
on Si, showing 100-200 nm lateral size, flat materials. Note: The particles imaged in AFM are from dilute, discontinuous deposition to identify single
flake morphology whereas films deposited for sensing measurements were continuous and cohesive. ¢) Schematic of thin film preparation. A solution
of MoS, in acetonitrile (3 mg mL™) is applied to a blade and sheared on the surface of the substrate. The resulting deposited MoS, assembles along
the 002 crystallographic axis, where the thickness of films can be controlled via the deposition velocity. Ka of X-ray analysis direction is shown in picto-
graph of assembled film. d) SEM top-side view of obtained films indicate highly oriented MoS, films. €) XRD spectra of thin films indicating preferred
orientation deposited along the 00/ crystallographic axis. The absence of in-plane reflectance indicates preferred orientation parallel to the substrate.
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Figure 2. Nanoflake real-time impedance monitoring sensor model. a) Schematic of flake interactions including interflake resistance, intraflake
resistance, and interflake capacitance. b) Cross-sectional SEM of aligned nanoflake film, c) circuit diagram, and d) frequency sweep with both meas-

ured and modeled phase and amplitude.

Ti/50 nm Au) separated by a channel length of 100 pm. The
flow coating was performed at a velocity of 0.22 mm s to
form cohesive thin films of that are 80-100 nm in thickness
(Figure 1d). The flow-coated process induces mostly horizon-
tally aligned flakes with crystallographic orientation on the
002 axis as shown in the scanning electron microscope (SEM)
image in Figure 1d and Xray diffraction (XRD) pattern in
Figure le.

Initial DC resistance measurements of the as-deposited
flow-coated MoS,; films (further information in Figure S1 in
the Supporting Information) revealed very high resistance
values approaching more than 100 GQ, attributed to the large
contact resistance at the flake-to-flake interfaces. In order to
overcome this limitation, an impedance approach outlined
in this work conceptualizes the nanoflake network as mul-
tiple circuit elements both in series and parallel. As shown
in Figure 2ab, each nanoflake exhibits a combination of
resistances and capacitances to include in-plane resistance
(intraflake resistance, Rj,.), resistance between flakes (inter-
flake resistance, Rj,.), and pseudoparallel plate capacitance
between adjacent flakes (interflake capacitance, Ci;). The
resultant impedance properties within the film can be reduced
to the model depicted in Figure 2c based on the real time
fitting of the amplitude and phase in the range of 10 Hz to
50 kHz (Figure 2d). A more detailed description of the imped-
ance circuit model and the fitting can be found in the Sup-
porting Information.

Theoretical and empirical work on electron transport in
2D materials tends to focus on DC current, where both edge
and plane states play a significant role.) However, in the pro-
posed model, the plane and edge current would be encom-
passed within the intraflake phenomena, and leakage current
and soakage of the interflake capacitances would be subsumed
into interflake resistance and intraflake resistance, respectively.
Thus, the interflake capacitance may be considered approxi-
mately ideal, that is, all capacitive current is induced current.
It is therefore assumed that while the 2D semiconductor flakes
interact with ambient vapor phase species, intraflake resist-
ance is affected primarily by the number of available charge
carriers, and interflake resistance by planar tunneling over van
der Waals gaps. Due to limitations of the model, junction resist-
ances, such as a Schottky barrier, would also be modeled within
the intraflake resistance. The interflake capacitance is believed
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to be mostly affected by the interflake distances and the dielec-
tric constant of the environment.?

To further investigate the underlying transport mechanisms
of the MoS, nanoflake film, electrical resistance of the film
was measured over a range of temperatures from room tem-
perature to 120 °C. Both the variable range hopping (VRH)B3>
and band-like transport mechanismsP®>l have been used to
describe electron flow in films of graphene and MoS,, with
transition to band-like transport in highly crystalline flakes. In
this case, the lack of clear dominant carrier mechanism in the
featured Arrhenius type behavior of the temperature-dependent
electrical conductivity (further details in Figure S5 in the Sup-
porting Information) indicates that, in accordance with the
proposed responses from inter- and intraflake conductivity,
most likely neither transport mode dominates the electronic
conductivity.

The real-time impedance monitored sensor performance as
a function of concentration of NO, gas is shown in Figure 3a,
with a clear opposite trend observed for the value of intraflake
resistance and interflake capacitance. The resistance response
to NO, indicates p-type behavior,l®! which has been observed
in solution-processed TMDs due to surface doping effects,
notably oxygen incorporation.>-®1l MoS, is typically n-type due
to prevalence of sulfur vacancies,®>%4 but X-ray photoelectron
spectroscopy (XPS) of the sensor materials revealed a large
increase in Mo®" due to oxidation to MoO; in tested materials
over newly exfoliated samples (see the Supporting Information
for details). The oxidation to MoO; was likely accelerated in the
aged samples by the prevalence of edge sites in the nanoflakes.
It is important to note that Fermi level pinning from contacts
on MoS, can also induce p-type behavior®! and is known to
be complicated by both Mo and S interactions, % defects and
impurities in the MoS, lattice,[”%® surface defects on the
gold,® or inclusions of MoO;.”"! Additionally, molybdenum
oxides tends to be highly hygroscopic, which may complicate
the response, however, an overnight purge of nitrogen before
sensor testing ensured minimal contributions from water or
adsorbates prior to the testing and the sensor response upon
exposure to water was also minimal (more details in Figure S12
in the Supporting Information).’) While the oxidation of MoS,
nanoflakes presumably contributes to the p-type behavior in
the sensor response, the stability of the sensor devices is unaf-
fected, as the resistance response is robust and stable over

© 2021 Wiley-VCH GmbH
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Figure 3. Real-time impedance spectroscopy sensor results for NO, detection. a) Resistance and capacitance response at various NO, concentrations
with inset image of flow-coated MoS; nine-channel sensor device, b) 1 ppb NO, response, c) concentration-dependent noise threshold with inset of
initial sensor trigger, d) equilibrium AR/R and AC/C for various circuit elements with detection limits identified based on signal to noise ratio, and
e) demonstrated flexible device with inset image of drop-casted MoS, flakes onto printed graphene electrodes.

15 months of aging and testing (further details in Figure S6 in
the Supporting Information).

The impedance approach developed in this work exhibits
remarkable signal fidelity with low signal to noise, and empiri-
cally detects NO, gas as low as 1 ppb (Figure 3b). This value
represents one of the lowest detectable NO, concentrations to
date, as several previous studies have extrapolated to detect to
sub ppb levels but none of which are solution processable and
in a simple electronic chemiresistor device configuration.l®]
The extrapolated detection limit of the unannealed nanoflake
sensors in this study is 63 ppt with a 95% confidence interval
from 38 to 94 ppt (further details in Figure S8 in the Supporting
Information). The time-dependent response shown in Figure 3c
indicates that full saturation of the electronic signature is slow,
which is common in nanoflake chemical sensors and presum-
ably from diffusion limitations.” The initial sensor response,
however, is rapid enough to be viable for real-world sensor
applications that recommend a maximum exposure of 1 ppm
over several minutes or 3 ppm over a period of 8 h. To dem-
onstrate this, we incorporated a simulated trip condition for
various multiples (3%, 5%, and 10x) of the noise threshold, as
shown in Figure 3¢, which indicate that the detection threshold
can be reached on the order of seconds for concentrations near
health hazard levels, and only minutes into the ppb range.

The low AC signal noise enables an exceptionally low signal
threshold compared to the same devices under DC evaluation,
as shown in Figure 3d. Both Ry, and C;,., have dimensionless
thresholds of 0.00006 and 0.0004, respectively, which allows
for a theoretical limit of 63 ppt for Ry, and 2.6 ppb for Ci,e,
(more detail in the Supporting Information). With the large
contact resistance between nanoflakes, the DC resistance is
high, reducing the detection threshold as the noise begins to
dominate the signal for lower concentrations (further details in
Figure S7 in the Supporting Information). Both Ci; and Ry,
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fit linearly to the log—log graph, suggesting a Freundlich adsorp-
tion isotherm, which is typical for lower concentrations/”?! and
has been observed on similar materials.?%) The concentration
profile for Ry, in Figure 3d has two regimes, with an increased
slope at concentrations below 100 ppb that eventually saturates
and becomes a power relation, as opposed to the capacitance
that does not saturate. We attribute this difference in signal to
a physical difference in the mechanism of parallel resistance
and capacitance, where at low concentrations, the data adheres
well to the Freundlich model. This is likely due to the edge sites
and basal planes saturating at different rates, thus changes the
adsorption constant. The vertical profile of the film is analogous
to parallel elements, and due to the reciprocal sum of recipro-
cals law, the lowest resistor in a parallel grouping will domi-
nate the signal whereas capacitance will add linearly. Thus,
as the top layer interacts with the analyte to reduce Ry, it
saturates at lower concentrations. Additionally, these devices
demonstrate performance stability with long-term exposure to
permanent gases that behave as dopants (more detail in Figure S6
in the Supporting Information), with the device used to eval-
uate the 1 ppb curve in Figure 3b being over six months old
and involved in over a dozen tests of various analytes. Although
desorption under nitrogen is slow (more detail in Figure S10
in the Supporting Information), the device fully recovers under
storage in argon, with a decrease in sensitivity of 25-27%
observed from initial test to subsequent tests over the course of
more than a year.

To further demonstrate the versatility of the described
approach, an all solution-processed 2D material sensor was
developed comprising of printed graphene contacts with drop-
casted MoS, nanoflakes on a flexible polyimide substrate, as
shown in Figure 3e. The printed sensor demonstrated a detec-
tion of 1 ppm NO, easily realized in both the Rj,;, and Ciyer
(Figure 3e) and presents comparable performance to the devices

© 2021 Wiley-VCH GmbH
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on the silicon substrate. In this configuration, both the baseline
Rintra and ARy, became far more significant. We attribute this
to the drop-casting technique resulting in less laminar orien-
tation relative to the flow-coating technique, resulting in more
transverse current flow. This device further demonstrates the
advantage of the real-time impedance sensor method for solu-
tion-processed 2D materials and the potential for inexpensive,
modular wearable sensors.

To explore the influence of crystalline defects on sensor perfor-
mance, the nanoflake sensors were exposed to a step-wise thermal
annealing study. The annealing was performed in vacuum
(10° Torr) and was followed with characterization by resonant
Raman spectroscopy (633 nm excitation) to investigate structural
changes in the TMD nanoflakes in conjunction with both AC and
DC measurements of the sensor under exposure to 1 ppm NO,.
When investigated under 633 nm excitation, the Raman spec-
trum of MoS, exhibits several nonzone centers and second order
peaks in addition to the zone-center E,, and Ay, peak (Figure 4a).
One of these is the longitudinal acoustic (LA) mode around
225 cm, which is a Brillouin zone boundary (at the M and
K points) phonon activated by defects. The intensity ratio of the
LA mode to the E,, and Ay, peaks can therefore be used as an
indicator of the defect density.*’”4 As shown in Figure 4a,b, the
initial temperature of 100 °C was sufficient to reduce the defect
densities by at least 40%, with further reduction in defect density
observed throughout the stepwise annealing up until 400 °C.

The intraflake resistance reached a maximum at 200 °C
(Figure 4c) and reduced very slightly over the remainder of
the temperature range. At this temperature, interflake resist-
ance measurably reduced and DC sensitivity at 1 ppm was
viable, indicating the existence of flake fusion and reduction

in interflake resistance. The flake-to-flake fusion resulted in
an overall decrease in the actual baseline capacitance value
due to an increase in connected surface area. An optimized
sensor performance with the targeted AR;,./Ring. is realized
at after annealing at 200 °C, corresponding to the Ry, base-
line maximum, as the combination of decreased defect density
and reduced adsorbents result in a 2x improvement in sensor
performance relative to the unannealed case. After 200 °C, flake
fusion begins to reduce edge sites for sensitivity, indicating
that there presumably exists an optimal defect density/edge
site configuration. Both Rpc and Ry, reduce to readable levels
after this temperature (more information in Figure S7 in the
Supporting Information).

The initial increase in Ry, suggests a reduction in charge
carriers due to thermal annealing. In MoS, from natural mate-
rials, it has been observed that annealing to 350 °C increases
native n-doping,” which would reduce charge carrier density
in a p-type material. Additionally, we attribute the p-type doping
of these materials to excess adsorbed oxygen and such adsor-
bents are well-known to be expelled during annealing”® as
evidenced Dby the reduction in defect density from Raman meas-
urements. However, since the sensor never fully ceases to be
p-type, it is unclear if residual oxygen remains after annealing
at 400 °C. Although some adsorbents can survive annealing,”’)
this suggests that oxygen is not merely occupying sulfur vacan-
cies, but forming stable MoOs. XPS analysis of films before and
after annealing indicate that the S:Mo™ stoichiometry is not
affected by the thermal treatment (i.e., expected 2:1 stoichiom-
etry); however, the atomic abundance of Mo*® decreases (i.e.,
MoO;) suggesting removal of surface bound surface oxides
(more details in Figure S13 in the Supporting Information).
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Figure 4. Influence of thermal annealing on defect density and sensor performance. a) Resonant Raman spectra at various annealing temperatures
with b) defect densities as a function of annealing temperature based on the ratio of the LA mode intensity to the A, and E;, modes, and c) sensor
results under 1 ppm NO, for all circuit elements at different annealing conditions.
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Previous studies suggest that the contribution from Schottky
barriers should decrease with annealing in the range of
200-400 °C,’87 which may explain the slight decline after
200 °C along with increased carrier mobility.#*# Structural
phase transitions to p-type MoS, have been observed at tem-
peratures higher than 900 °C,®2 which is far beyond the
temperature range explored in this study. Clearly, the role of
defects, doping, and flake-to-flake interactions are vital to the
final sensor performance and are expected to play an important
role in future real-time impedance sensing approaches with 2D
nanoflakes.

The impedance approach developed under this work is gen-
eralizable to many other 2D material nanoflake configurations
including WS, (see Figure S14 in the Supporting Information)
and other TMD materials. Through accounting for variable RC
constants expected in other nanoflake systems and further opti-
mization of nanoflake film density, orientation, electronic prop-
erties, and thickness, improvement is expected for future gas
sensing systems based on the as-described real-time impedance
approach. Additionally, the equipment setup required to accu-
mulate the data necessary for full frequency sweeps in real time
is certainly hardware intensive, limiting the exact experimental
configuration described here from being implemented into a
low cost or wearable platform. However, the three-element cir-
cuit has only three degrees of freedom, and could theoretically
be fitted with only two datapoints composed of magnitude and
phase, allowing for a much simpler setup. Further optimiza-
tion of materials so that only two or three select frequencies
are required to fit the presented model could also reduce the
required electronics to PCB-enabled or even wearable devices
(further details can be found in Figure S15 in the Supporting
Information).

3. Conclusions

Real-time impedance spectroscopy represents a unique gas
sensor device methodology for solution-processed 2D mate-
rials that does not require any postprocessing and can be
easily integrated onto flexible substrates. A three-element
equivalent circuit fit enabled the impedance signal to inde-
pendently monitor interflake (resistance and capacitance) and
intraflake (resistance change due to doping) interactions. An
empirical limit of detection of 1 ppb NO, was measured with
an extrapolated ultimate detection limit of 63 ppt, all without
the requirement of photoexcitation or gating. Moreover, this
same device construct was demonstrated for an all solution-
processed 2D sensor with printed graphene interconnects and
a MoS, nanoflake channel on a polyimide substrate. A step-
wise thermal annealing study revealed reduction in defect
density in the MoS, nanoflake film with an increase in sensi-
tivity by as much as 2x after annealing at 200 °C. Annealing at
higher temperatures as high as 400 °C resulted in an increase
in interflake interactions and a reduction in optimum sensor
performance. The proposed impedance sensing modality,
simple device configuration, and exceptional sensing perfor-
mance in the described approach represents enticing flexible
and effective sensor configuration for future chemical sensors
built on 2D materials.
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4. Experimental Section

Synthesis and Characterization of TMD Nanoflake Films: Further details
regarding the synthesis and redox exfoliation of the nanoflake materials
are described in ref. [29]. Briefly, the method utilized a redox cycle that
generated polyoxometalates in solution that acted as an exfoliant to
both delaminate layers from a bulk crystal via Coulombic repulsion and
electrostatically stabilize the MoS,.

XRD: XRD characterization patterns were recorded using a Rigaku
Smartlab with Cu Ker (A= 0.154 nm) and obtained in 6/26 measurement
mode. Thin films of TMDs were prepared via flow-coating (see Figure 1
for details) on Si substrates.

Atomic Force Microscopy (AFM): AFM samples were prepared via drop-
casting dilute dispersions of MoS, flakes in acetonitrile (1x 107 M) onto
UVO treated Si wafer to improve solvent wettability. The samples were
allowed to dry under ambient and subsequently annealed under vacuum
(150 mTorr, 80 °C, 1 h) to ensure removal of all solvent to improve
image quality. The samples were analyzed in a Bruker Dimension Icon
in noncontact tapping mode utilizing an Al reflex coating cantilever
(40 N m™). All images were analyzed utilizing the Nanoscope analysis
software.

Device  Fabrication: Sensor device configurations of Cr/Au
electrodes (10 nm/100 nm thick) were evaporated onto a silicon wafer
with a 150 nm SiO; overlayer using a patterned mask. Nanoflakes
were then flow-coated using a glass blade, targeting 80 nm thickness,
confirmed with a Bruker Dektak XTL profilometer. For the polyimide
substrate, a graphene ink for aerosol jet printing (AJP) was prepared
by first preparing graphene powder by a previously demonstrated
method,[® which was then used to make a terpineol/ethanol-based
ink with further formulation and printing details in the Supporting
Information.

Devices were enclosed in a Yamaichi STM8-QFP44 holder. The holder
was placed in a stainless steel chamber. Analyte gas (10 and 1000 ppm
NO, and NHj; from Indiana Oxygen) was mixed with nitrogen to a
total flow rate of 2000 sccm to target desired concentration. Mass flow
controllers from MKS ranged from 20 to 2000 sccm. Liquid-sourced
analytes were inundated with nitrogen in a glass bubbler, and the analyte
concentration was calculated as saturated nitrogen at the measured
temperature. See the Supporting Information for more details on the
concentration calculations.

Sensor Measurement: DC measurements were taken with a
Measurement Computing UB-1808X DAQ. AC measurements were
taken with a Signal Recovery Model 7265 DSP lock-in amplifier. Initial
measurements were optimized with a voltage divider using a high
precision reference resistance. AC circuit elements were calculated from
recorded frequency sweeps using a python script.

Supporting Information

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