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Liquid-phase exfoliation (LPE) has been introduced as a versatile and scalable production method for
two-dimensional (2D) materials. This method yields dispersions that allow for the fabrication of printable
and flexible electronic devices. However, the fabrication of uniform and homogeneous films from LPE
dispersions with a performance similar to that of bottom-up grown materials remains a challenge, as the
film quality strongly influences the optical and electrical performance of devices. Furthermore, long-
term stability remains a major challenge for all 2D material based applications. In this study, we report
on highly conductive tiled network films made of platinum diselenide (PtSe,) flakes derived using a
scalable LPE method. We characterized the homogeneous films in terms of morphology and electrical
behavior. As an example of applicability, we produce a chemiresistive sensor structure with the PtSe;
films and show significant resistance changes upon periodic ammonia gas exposures, revealing a sub-
0.1 part per million (ppm) detection limit (DL). More remarkably the devices are fully functional after
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Introduction

The unique properties of two-dimensional (2D) materials that
enable high potential for their employment in numerous
applications have led to enormous scientific interest." In
particular, they have been proposed for chemical sensing due
to their high surface-area-to-volume ratio. Graphene-based sen-
sors have shown ultimate sensitivity, detecting even individual
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15 months, underlining the high stability of PtSe, based devices.

gas molecules” while 2D transition metal dichalcogenide (TMD)
materials showed extreme sensitivities to trace gases.”™® In
particular, PtSe, has been shown to have superior gas
sensitivity,'* and gas selectivity was predicted by density func-
tional theory.'* Moreover, the outstanding electrochemical
properties of platinum chalcogen compounds show promise for
further applications.'>"®

Within the toolset for the production of these materials,
liquid phase exfoliation (LPE) has been proposed as a means for
achieving high volume and yield. LPE has been used to exfoliate a
range of 2D materials including graphite,"””>* boron nitride,***
pnictogens,”>° TMDs,**?*'” 1II-V semiconductors,*® metal
oxides,**' and many others.***’ LPE is used to produce 2D
materials in liquid dispersions, which can be used as inks,
making the method attractive for various printing technologies,
which allow for the fabrication of flexible devices or back end of
line (BEOL) integration with existing integrated chips.>**® Most
recently we were able to report on LPE-PtSe,.*

Methods for producing films from LPE materials include
vacuum filtration,"”'® Langmuir-Blodgett (LB) deposition,’*>*
spray-coating®® and inkjet printing.>® However, many of these
methods suffer from flake reaggregation into clusters in
solution and on the substrate, leading to inhomogeneous films.
In order to compensate for this, extra layers of materials must
be added resulting in thick films (>1 um) which is detrimental
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in numerous applications and significantly increases production
costs. Therefore, the formation of very thin homogenous films
from LPE materials is not only crucial to the electrical and
optical performance of devices, but is also a determining factor
in the applicability of production methods.

Here we report for the first time film formation from PtSe,
dispersions using a modified LB method at a liquid-liquid
interface. Homogeneous films with low roughness and con-
trollable thickness could be produced. These films were char-
acterized using Raman spectroscopy, atomic force microscopy
(AFM), and scanning electron microscopy (SEM) and compared
to the conventional spray-deposited films. We contacted the LB
films with interdigitated electrodes for electrical characterization.
In a simple chemiresistive sensor structure, we show high
sensitivity and fast response upon exposure to ammonia
(NH3) gas. Notably, we demonstrate the long-term stability of
our films over 15 months.

Experimental
Synthesis of bulk crystals

Platinum sponge (Pt 99.99%, Surepure Chemetals) and selenium
(Se 99.9999%, granules 2-4 mm, Wuhan Xinrong New Materials
Co.) were placed in a quartz ampoule and sealed by an oxygen-
hydrogen welding torch at a pressure of 1 mPa. Selenium was
used in 2 at% excess. The ampoule was heated at 1270 °C in a
5 °C per minute of ramping speed and cooled down to 1000 °C at
a 1 °C per minute of cooling rate after 30 minutes of dwell time.
Afterwards, it was completely cooled down to room temperature.
The selenium excess condensed on the opposite side of the
ampoule, and the formed crystalline block of PtSe, was removed
from the ampoule.

Preparation of the dispersions

The PtSe, dispersions were prepared using our previously
established methodology of tip sonication and size selection by
centrifugation in aqueous sodium cholate solution®” followed by
transfer to N-methyl-2-pyrrolidone (NMP) to aid the deposition at
the liquid-liquid interface. PtSe, crystals were ground and
immersed in 35 mL of aqueous sodium cholate (SC) solution
(concentrations: Cpise, = 0.5 g L' and Csc = 1.7 g L") and
ultrasonicated (Sonics VXC500, 500 W, equipped with a tapered
microtip) for 7.5 hours at 30% amplitude with a pulse of 6
seconds on and 4 seconds off. The dispersion was keptin a 4 °C
cooling cell during sonication to avoid heating. The polydisper-
sity of the as-produced dispersion was reduced by two consecu-
tive centrifugation runs. High mass nanosheets which are larger
and simultaneously thicker were discarded as sediment after the
first run at lower centrifugal acceleration, while smaller/thinner
nanosheets were removed as the supernatant after the second
step at higher centrifugal acceleration. Specifically, unless other-
wise noted, centrifugation was performed in a Hettich Mikro
220R centrifuge for 2 hours at 13 °C. The first step at a relative
centrifugal force of 3000g (where g denotes the earth’s gravita-
tional field) was carried out with a fixed-angle rotor 1016 in
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50 mL centrifuge tubes filled with ~17 mL each. The super-
natant was decanted and subjected to a second centrifugation at
5000g (with a fixed-angle rotor 1995-A in 1.5 mL Eppendorf
tubes) after which the sediment was collected in deionized (DI)
water and the supernatant discarded.

Preparation of films

Films were deposited after pre-assembly of the nanosheets at
the liquid-liquid interface. First, the aqueous dispersion was
transferred to NMP. To this end, the dispersion was centrifuged at
6000g (2 hours) to force the nanosheets to sediment and the
sediment was redispersed in isopropanol (IPA) by bath-sonication
for 5 minutes. The aqueous supernatant containing mostly water/
surfactant was discarded. The centrifugation was repeated, the
supernatant containing residual water and IPA was discarded
and the sediment redispersed in NMP by 5 minutes of bath
sonication. As substrates, SiO,/Si wafers were chosen with an
oxide thickness of 300 nm. These were diced to a size of 15 by
7.5 mm?, cleaned by bath sonication in acetone, IPA, ethanol,
and water for 20 min in each solvent and subsequently dried
under a stream of pressured nitrogen. Fig. 1 depicts a schematic
of the controlled deposition of PtSe, nanosheets on a SiO,/Si
substrate. Overall, the procedure can be regarded as a LB type
deposition using two immiscible solvents, in this case water and
toluene. It has been demonstrated that nanoflakes can be
trapped at the liquid-liquid interface when injecting the LPE
dispersion at an angle close to 90° with respect to the
interface.’®**® To form the liquid-liquid interface, first, a
15 mL glass beaker was filled with 12 mL of DI water and 0.5 mL
of toluene was layered on top. Next, 0.1 mL of the PtSe,
dispersion in NMP were gently injected on top and allowed
to rest for 3 minutes to allow diffusion of the nanosheets to the
toluene/water interface. After a uniform layer was formed, the
toluene was allowed to evaporate and subsequently the transfer
to the substrate was performed. To this end, the substrate was
vertically introduced into the water phase, then tilted to an
angle near 90° relative to the interface and then lifted up
manually with a tweezer at speeds as constant as possible.®®
Generally, a smaller angle between the substrate and film is
more favorable for the film transfer. Finally, the film was left to
dry in air for ~15 min with a tilt angle of ~30° before
performing a washing step by rinsing the films gently with a
1:1 mixture of IPA and DI water. Excess of unnecessary film

PtSe,

dispersion Toluene PtSe, film
~ | evaporation substrate on Sllwrme
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= \~ Y = =
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Fig. 1 Schematic of the modified Langmuir—Blodgett method to produce
tiled nanosheet networks after pre-assembly at a liquid—-liquid interface
(1-film formation, 2-interface area reduction by evaporation, 3-substrate
immersion, and 4-film deposition).

This journal is © The Royal Society of Chemistry 2023
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area was removed by gently scraping with a cotton swab, leaving
an area of approximately 5 by 5 mm? in the center of the
substrate.

Characterization

Scanning electron microscopy (SEM) characterization was per-
formed with a JEOL JSM-6700F field emission SEM at 1 kV of
acceleration voltage. Raman characterization was performed by
mapping a region of 50 by 50 um? with 100 measurement spots
with a Witec alpha300 R confocal Raman microscope at an
excitation wavelength of 532 nm at 0.5 mW of LASER power. For
atomic force microscopy (AFM) imaging, a Dimension ICON3
scanning probe microscope (Bruker AXS S.A.S.) was used in
ScanAsyst mode (non-contact) in air under ambient conditions
using aluminium coated silicon cantilevers (OLTESPA-R3).
Typical image sizes were 3 by 3 um? scanned with 1024 lines
at scan rates of ~0.4 Hz.

Device fabrication and measurement

Electrical characterization was performed in a Suss probe-
station using a SourceMeter®™ Unit (Keithley model 2612A) at
a scan rate of 10 mV s~ '. For gas sensor tests, interdigitated
electrodes (Ni/Au = 40/45 nm) forming a 200 pm channel with a
channel length-to-width ratio 1:277 were deposited on top of
the films through a metal shadow mask. The PtSe, sensors were
annealed for 2 hours at 150 °C in N, at ambient pressure to
desorb attached gaseous molecules on the surface and then loaded
into a custom-made sensing chamber. The annealing temperature
was kept low in order to avoid changes in morphology that were
cautioned against in work previously reported.®’ The sensing
chamber pressure is kept at approximately 900 mbar by constantly
flowing 100 standard cubic centimeters per minute (sccm) of gas
through the chamber. The gas concentration is remotely controlled
through a flow rate ratio modulation between dry N, and 10 part
per million (ppm) of NH; gas. A SourceMeter® Unit (Keithley
model 2636B) monitors current changes upon periodic NH; gas
exposure at a constant voltage bias.

Results and discussion

A liquid-liquid interface is created by layering toluene on top of
water. The PtSe,-NMP dispersion was added to the interface
in a similar way as demonstrated earlier for LB graphene films
at a water-air interface.***®* The interfacial tension at the
toluene-water interface exerts surface pressure that compresses
the interfacial nanosheets into a close-packed structure.®® The
substrate coverage can be controlled by adjusting the concen-
tration of flakes in the solution and the interfacial area between
the two phases. In this case, the optimum PtSe, concentration
was found by trial and error.

After drying (see the Experimental section), SEM (Fig. 2a) and
AFM (Fig. 2b) of the LB film reveal that it consists of a homo-
genous nanosheet network over large areas. The films appear
continuous with feature sizes, typically <100 nm. The AFM
measurement reveals a root-mean square (RMS) roughness of
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Fig. 2 (a) SEM image (scale bar: 200 nm) showing good nanosheet alignment

and (b) AFM image of the LPE-PtSe; LB film. (c) Averaged Raman spectrum
of the LPE-PtSe; LB film. Inset: scanning Raman map of the E5 peak
sum over a 50 by 50 um? area. (d) Current-voltage characteristics of
conventional spray-deposited and LPE-LB deposited films, resulting in film
conductivities of 92 & 5 and 700 + 70 S m~?, respectively. Note that the
film thickness of the LB film (~240 nm) is more than 12-fold thinner
compared to the sprayed network (~3 um).

8.2 nm with only a few gaps between the sheets that are
otherwise homogeneously deposited with maximum edge-edge
contact. A scan at the edge of the film revealed a film thickness
of ~30 nm (see the ESIt). Thus, one can conclude that thin films
from platelets of PtSe, have been produced.

An averaged Raman spectrum from 100 positions on a sample
is shown in Fig. 2c. Two prominent peaks can be identified at
178 and 207 cm™ !, which correspond to the in-plane E, and out-
of-plane A,, vibrational Raman active modes, respectively. The
inset depicts the spatial distribution of the E, mode at a location
on the sample from which the averaged spectrum was measured.
The Raman spectra contain well-defined, relatively narrow
modes suggesting intact, crystalline nanosheets are deposited.
Using our previously established quantitative metric for the estima-
tion of PtSe, nanosheet thickness from Raman spectroscopy,””
we estimate an average layer number of the nanosheets of 5.5.
In previous work, we also established a correlation between the
nanosheet layer number and lateral size,””** which allows us to
infer the average lateral dimensions of the nanosheets as ~60 nm
(across the longest dimension) which is consistent with the micro-
scopic characterization described above.

This modified LB film production method promises a higher
conductive tiled network structure in comparison to randomly
restacked porous nanosheet films produced by conventional
spray deposition. To confirm this, another set of films were
produced to allow for a direct comparison of LB-type and
sprayed PtSe, networks, respectively. Due to the relatively high
mass required for spray deposition, a more polydisperse PtSe,
dispersion was used that was produced from centrifugation with
a wider spread in the centrifugation boundaries (400g in the first
step and 30 000g in the second step). Note that this resulted in a
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more polydisperse size distribution and thicker, rougher films
compared to the production method used for the remainder of
the work (see the ESIt). Therefore, it was required to perform two
subsequent deposition cycles in the case of this sample to yield
a continuous network. While the more than 12 times thicker,
~3 um thick sprayed PtSe, film (Fig. S2a, ESI}) showed a
conductivity of 92 + 5 S m ™", the ~240 nm thick PtSe,-LB film
(Fig. S2c, ESIT) showed approximately 7.6 times higher conduc-
tivity, 700 & 70 S m ™" in 4-point probe measurements as shown
in Fig. 2d. This is a result tentatively assigned to the better
alignment of PtSe, nanoflakes in the modified LB films. As a
result, the modified LB film yields generally much thinner films
with good conductivity. On the one hand, this reduces the
material mass required for 2D material nanosheet network
structures which is an important aspect for PtSe, containing a
precious metal. On the other hand, this can be beneficial for
sensing applications due to better accessibility of the active
material.

Fig. 3a depicts the current-voltage (I4s-Vys) curves measured
on a sensor device where the film shown in Fig. 2a-c was
contacted with interdigitated electrodes (inset) directly after
fabrication and after 15 months. The slope of the curve yields a
resistance of 61.8 kQ for this device which corresponds to a
conductivity of ~1.95 S m™~" in this device structure. The lower
conductivity of this 30 nm thin film compared to the 240 nm
thick LB-type film (Fig. 2d) can be rationalized by a different
nanosheet size distribution and hence different junction
resistance, as well as a different device structure. The high
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Fig. 3 (a) Current—voltage (/4s—Vgs) characteristics of an LPE-PtSe, LB
film sensor showing a noticeable conductance change after long-term
exposure to the atmosphere. Inset: photograph of an LPE-PtSe, LB film
(blue area) underneath interdigitated electrodes. (b) Sensor response
curves of the LPE-PtSe, LB film sensor upon introduction of periodically
decreasing concentrations of NH3z from 8 down to 0.1 ppm (gray columns)
at room temperature. A NH3z sensor response is still observed 15 months
later. (c) Resistance (open boxes) and SNR (red x-crosses) changes are
proportional to the introduced gas concentration. Inset: zoomed-in plot in
the lower NHz concentration range. (d) Sensor response curves for 10 to
60 seconds of NH3 gas introduction (from light green to dark green). Inset:
detectable NH3 gas concentration inversely decreases as the gas exposure
time increases.
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resistance indicates lower conductivity than PtSe, films grown
by chemical vapour deposition'"*>*” which may be attributed to
flake-to-flake junctions hampering charge carrier transport.>*%%°

The contacted films were tested as ammonia sensors imme-
diately after preparation and 15 months later to test the long-
term stability of the device. Since many 2D materials, including
group VI transition metal dichalcogenides,”® are prone to
degradation, for example by exposure to ambient conditions,
we placed particular emphasis on the long-term stability of the
sensor, as nanosheet degradation can cause inferior device
performance. The device was tested as a gas sensor by exposing
it to various concentrations of NH; in N, (0.1 to 0.8 ppm). The
analyte was periodically introduced for 1 minute at a fixed
concentration and at room temperature, followed by introduction
of dry N, for 5 minutes for sensor recovery. No further treatments
to enhance the recovery speed, e.g., ultraviolet light illumination
or annealing at higher temperatures, were applied. At 5 V of bias
voltage, real-time current changes of the structured LPE-PtSe, LB
film sensor can be calculated,

Rs — Ry

S =
Ry

x 100%

where R, and Rg are the resistances of the sensor before and after
gas introduction. Fig. 3b shows a typical relative percentile
resistance change as sensor responses. The resistance of the
sensor increases upon NH; exposure because PtSe, is known as
a p-type material and NH; donates an electron which results in
reduction of the majority carrier in the semiconducting channel.
To verify the sensor responses, simple signal processing was
used.”"™”" The initial sensor resistance is calculated from the
first 200 data points just before the first gas introduction. In the
same regime, the root-mean-square (RMS) noise for a measured
Ry is derived from the initial sensor resistance,

. (RS - RBase)2

Noiserms = 24]\7

where Rg,s. is the baseline of the initial sensor resistance, and N is
the number of data points. The signal-to-noise ratios (SNRs)
derived from the resistance increments at various NH; concentra-
tions are proportional to the gas concentration which is well-fitted
to an exponential decay curve as shown in Fig. 3c. To be a true
signal, the SNR must be at least three times larger or
more according to the International Union of Pure and Applied
Chemistry (IUPAC) definition.”” In our measurements, an SNR of
3.4 was obtained for a concentration of 0.1 ppm of NH3, setting a
detection limit for this gas with LPE-PtSe, LB film sensors. In the
SNR changes depicted at various concentrations (Fig. 3c), one can
determine a theoretical detection limit (DL) by extrapolation to
the point where the SNR drops below 3. This theoretical DL
reaches a value of only 0.059 ppm, which is remarkable, as
detection of low concentrations of NH; is challenging in chemir-
esistors because little charge is transferred compared to other
analytes. This DL is one of the lowest values reported for LPE
derived 2D material based gas sensors.'*"*7*

This journal is © The Royal Society of Chemistry 2023
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The long-term stability of 2D material based devices under
ambient conditions has often been a point of debate. Grown
PtSe, films are known to be stable under ambient conditions,
however exfoliated films have never been investigated. Thus, we
compare the performance of a sensor after it has been in N,
flow storage for 15 months. The film conductance surprisingly
increased slightly as shown in Fig. 3a. The improved conduc-
tivity after 15 months of storage could be due to the formation
of better intersheet contacts or residual water in the film acting
as a p-dopant increasing the concentration of majority charge
carriers. During NH; gas sensing, interestingly, the peak-to-
peak value of relative resistance changes slightly as the initial
resistance decreased after 15 months, but the device exhibits
higher SNR values because the RMS noise decreased. Fig. 3d
presents the sensor response upon decreasing the NH; intro-
duction time from 60 to 10 seconds in the same period,
indicating that the estimated detection limit exponentially
increases from 0.059 to 0.721 ppm (inset).

In conclusion, the devices still function as a very sensitive
ammonia sensor after 15 months of storage. This is a remark-
able finding as the long-term stability of LPE derived devices
has always been a point of discussion while the high stability
PtSe, has been so far only reported for thermally-assisted
conversion (TAC) derived films."

Conclusions

The formation of LB-type films into tiled networks from LPE-PtSe,
dispersions was achieved for the first time. This combination
resembles a cornerstone for a high yield, scalable, low cost
production of sensors. This method is suitable for highly sought
after flexible and wearable devices. We characterized the tiled
network films structurally and revealed homogeneous films with
little roughness indicating good alignment of the PtSe, flakes. We
showed ~7.6 times higher conductivity in the tiled nanosheet
network films through the modified LB production method in
comparison to the conventional spray-deposited films. Thus, this
method allows deposition to much thinner conducting networks
forming 2D materials. The sensor performance of the LPE-PtSe,
LB films showed high sensitivity toward NH; down to 0.100 ppm,
which is remarkably low compared to those of most other 2D
material based gas sensors. Furthermore, we demonstrated the
long-term stability of the PtSe, based sensor over more than
one year.
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