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Infrared (IR) imaging gas sensing technique is excellent for CO, gas detection systems that require high accuracy and safety

standard; however, there is a significant barrier in application due to its high cost and difficulty in miniaturization. CO,

sensors that are functional within near- or short-wavelength IR have the potential to reduce this barrier. In this work, a

highly sensitive plasmonic material based on nanostructured covellite copper sulfide (CuS), which exhibits desired localized

surface plasmon resonance for surface-enhanced IR absorption (SEIRA) throughout near- and mid-IR ranges, was

investigated. We prepared Cus thin films facilely in an additive manner based on a spatial successive ionic layer adsorption

and reaction process at room temperature. The resulting CuS thin film possesses a structure consisting of hexagonal

nanoflakes, and demonstrates significant SEIRA for 100-ppm CO, with an enhancement factor of 10%.

Introduction

CO, is one of the most important greenhouse gases that
contributes to over 80% of greenhouse gas emissions in the
United States, of which the concentration has increased globally
by 45% in the past two hundred years (IPCC 2013; NOAA/ESRL
2018a, 2018b, 2018c). In spite of the significant advances of
many renewable energies with low carbon emission, fossil fuels
remain as the primary energy resources of human activities. The
increasing CO, level in the atmosphere as one of the main
effects of burning fossil fuels contributes to substantial
environmental impacts!. To better serve CO, emission
mitigation strategies, it is crucial to develop efficient sensing
techniques for CO, that can function at the source of emissions
such as the use of fossil fuels in transportation, electricity
generation or industrial processes. Many new sensing
technologies have been developed to monitor CO, levels under
different conditions?°. Among all, Fourier-transform infrared
(FTIR) spectrometer is ideal for gas detection systems that
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FTIR
spectrometer is bulky and expensive, which is not suitable for
low-cost distributed sensing. Thus, there is a strong need to
low-cost and distributable

require high sensitivity and accuracy. Conventional

develop new approaches for
spectroscopy-based sensing for CO,. Commonly-used IR gas
sensors for CO, detection operate at mid-infrared (MIR)
wavelength because the absorption bands of CO, in both the
near-infrared (NIR) and the short-wavelength infrared (SWIR)
ranges are typically weak!!, which becomes an even greater
hindrance in practical sensing application where usually only a
small amount of gas molecules is present. Developing CO,
sensors that are functional at NIR/SWIR wavelength will enable
the development of low-cost, chip-scale IR sensors and allow for
the use of commercially available optical fibres for distributed
sensing’2.

One promising development to improve this situation is
through surface-enhanced infrared absorption (SEIRA)S by
integrating plasmonic materials with compatible sensing
platforms. Localized surface plasmon resonance (LSPR) is
capable of enhancing the absorption, and meanwhile, providing
rapid and label-free sensing!® 5. There are several reports
regarding the study of LSPR-enhanced CO, gas sensors, among
which metals'®2° and metal oxides3°, especially gold, silver, and
transparent conductive oxide, are the most popular plasmonic
materials due to their outstanding LSPR in visible/NIR range.
The defined and intense LSPR absorption of these materials is
structure, and
nanostructure, and morphology31-34. Therefore, it is common
that sophisticated synthesis and processing routes are used to
fabricate these sensors for precise micro/nanostructure
Typically, the plasmonic-material thin films are
prepared by thermal evaporation!?, sputtering technique?4, or

highly dependent on their crystal micro-

control.

post-processing of nanoparticles?”-3°, To obtain enhanced LSPR
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absorption, fabrication of plasmonic materials in precisely
controlled micro/nanostructures is needed. For this reason,
sophisticated techniques are frequently used for the fabrication
of plasmonic devices, such as hole-mask colloidal lithography?°,
photolithography??, nanosphere lithography'’, focused ion
beam nanofabrication?® 2°, pulse laser deposition3!, electron
beam lithography3?, etc.

The change based on surface plasmon resonance (SPR) signals
(as the shift of the reflected light or the change of SPR
absorption peak) is taken as the most frequently used sensing
indicator in the study of LSPR-enhanced CO, sensors. One of the
best-reported sensor performances in terms of limit of
detection (LOD) of gaseous CO, is as low as 10 ppm?8 based on
the shift of reflectance associated with SPR signals. However,
sensors based upon the change in reflectance lack selectivity,
which is one of the critical factors in sensor performance.
Therefore, it is advantageous to engage plasmonic materials in
IR spectroscopy for a guaranteed high selectivity in applications
such as gas sensing because each analyte has its unique IR
absorption profile. It is worth mentioning that LSPR-enhanced
CO, gas sensors normally require two functional layers including
a layer of plasmonic material(s) and a layer of sensing
material(s) that work side-by-side together, leading the
fabrication into a new dimension of complexity.

In this work, we investigated the LSPR effect of a p-type
semiconducting chalcogenide material, copper sulfide, on the IR
absorption of gases. Instead of detecting a change in bulk
refractive index as most LSPR-enhanced sensors, we directly
identified IR absorption of gases as the sensing indicator that
delivers the addition of characteristic high selectivity and
accuracy of IR technique in the sensing platform. The plasmonic
material enhances the IR absorption of CO, via LSPR. Copper
sulfides3> were chosen for this study for several reasons. First,
copper sulfides are a group of low-cost materials that consist of
earth-abundant non-toxic elements. Second, copper sulfides
can be easily fabricated in thin-film structures that are popular
in nanotechnology-enabling applications (e.g., optoelectronics,
chemical sensors, etc.) during material synthesis, which
simplifies the sensor fabrication process. Third, copper sulfides
have been of interest in various optical applications (i.e.,
photocatalysis3638, gas sensing3®, biosensing*®, and solar
absorption#3) due to their excellent optical properties
including strong LSPR absorption.

Copper sulfides are known as electronic gas sensing materials**
51 for their electro-conductive nature. Although gas sensing
based on the change of electrical conductivity provides
relatively high sensitivity and fast response, it comes with a few
disadvantages. First, it usually requires additional absorption
layer to promote the contact and the chemical reaction
between copper sulfides and the analyte. Second, cross-
sensitivity can be a significant problem because there are gases
that react with copper sulfides more readily and also give a
response. Third, there is a potential safety issue by exposing
explosive gases (e.g., CH4, NH3, and H,) to electronic sensors. To
date, there are limited reports regarding copper sulfides
focusing on potential optical applications, a narrow number of
which focusing on the utilization of copper sulfide thin films for
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optical gas sensing, and we cannot find prior reports of this
topic for CO,. One prior study3?? utilized a Pd-coated CuS thin
film for optical gas sensing with an effect that is visible to naked
eyes. The change of LSPR absorption intensity was used as the
sensing indicator to monitor the presence of H, This reported
sensor provided a LOD of 0.80% for H, (i.e., 8,000-ppm H,).
Copper sulfides exhibit different LSPR by varying stoichiometry
between Cu and $°2-%4, Among all the stable phases of copper sulfides
at room temperature, the chalcocite Cu,S shows no LSPR because of
the filled valence band, and the covellite CuS exhibits the strongest
LSPR resulting from the highest concentration of free carriers in the
valence band. Consequently, it is critical to synthesize covellite CuS
to achieve high LSPR absorption for optical sensing applications.
There are many reported synthesis methods®>->8 for the fabrication
of LSPR-possessing copper sulfides. We explored a novel synthesis
strategy based on successive ionic layer adsorption and reaction
(SILAR)>* ¢0 to make CusS thin films because of its sequential growth
mechanism. The SILAR provides an easy way to adjust the film
thickness by managing the repeating SILAR cycles during the
synthesis and is thereby conducive to the study of the influence of
film thickness on the opto-electrical properties®’63 and the sensing
enhancement performance of CuS. Moreover, the SILAR offers the
advantage of controlling the composition of products by managing
the molar concentration ratio of precursors®. In this report, we
introduced a novel synthesis strategy namely Spatial SILAR that
enables a rapid deposition of CuS thin films locally on optical
supports.

We facilely prepared covellite CuS thin films on bare microscope
glass slides. The performance of CuS-based thin-film sensors for CO,
was systematically investigated. Based on our knowledge, except the
reports by Chong et al.?® 2° and Chang et al.®, this work is the only
one that conducts a direct gas sensing concept relies on the
mechanism of SEIRA spectroscopy based on plasmonic materials.
Moreover, the sensing platform proposed in this work surpasses all
existing works that use SEIRA to improve gas sensing in terms of the
sensor fabrication process and the experimental performance of IR
absorption enhancement. Detail comparison with the state-of-the-
art works is provided at the end of the Results and Discussion section.
The outstanding SEIRA for CO, from the sensor is attributed to a dual
function of the nanostructured CusS thin film by providing both gas
adsorption and LSPR. This unique feature leads to the proximity of
adsorbed CO, gas molecules with the local field of plasmonic
materials. The selectivity of fabricated sensor was verified using Ar
and CO, gases. An interesting interaction between CuS and gaseous
CO, was observed via Raman spectroscopy for the first time. A CO,
sensing mechanism based on LSPR-possessing nanostructured CuS
thin film was suggested.

Experimental
Materials and methods

Copper acetate (Cu(OAc),, Sigma-Aldrich, 98%), thioacetamide
(C,HsNS, TAA, Sigma-Aldrich, 99%), ethanol (USP, >99.5%),
ammonium hydroxide (Macron Fine Chemicals, ACS, 28.0-
30.0% as NHz), and hydrogen peroxide (H,O,, EMD Millipore,
30%) were used as purchased without any further purification.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1 (A) Schematics of the Spatial SILAR with low-temperature post-annealing.
Inserted are optical photos of a lab-designed automatic thin-film fabrication system by
AxiDraw V3, and the precursor solutions for CuS. All materials in the schematics are not
in real scale/ratio. Optical photos of (B) a series of CuS5 prepared on an untreated glass
slide as a control, (C) CuS10-30 prepared on SC-1-treated glass slides for SEIRA study and
a blank glass substrate as reference, and (D) different patterns of CuS1 written on a piece
of standard US letter paper by AxiDraw V3.

99.99+% CO, gas and 99.99+% Ar gas were purchased from
Airgas (both were taken as 100.00% in the study). Microscope
glass slides (75 x 25 x 1.0/0.5 mm3) and standard US letter
papers were used as substrates for CuS thin-film synthesis, and
PELCO® SiO, support films (40 nm SiO, membrane, 50 x 50 um?
apertures on 0.5 x 0.5 mm?2 window, @3 mm, TED Pella Inc.) for
transmission electron microscope (TEM).

Synthetic procedures

Synthesis of CuS Thin Films on Glass Slides. A piece of microscope
glass slide (75 x 25 x 1.0 mm3) was cut into four equal pieces. The
first step of a standard RCA (Radio Corporation of America) clean, SC-
1, was performed on the glass slides with a solution mixture (denoted
as RCA solution). RCA solution used in this study contains ammonium
hydroxide, hydrogen peroxide, and deionized water (DIW) in a
volume ratio of NH3:H,0,:H,0 that equals 1:1:5. Glass slides were
cleaned by soap solution and then immersed in RCA solution,
subjected to ultrasonication at 70 °C for 1 hour, and followed by
rinsing with fresh DIW. Pre-treated substrates were stored in a DIW
bath before the deposition of CusS thin films.

Instead of traditional SILAR that includes two washing steps in one
SILAR cycle, only one washing step was performed here to accelerate
rate. ultrasonication procedure was

film growth Meanwhile,

This journal is © The Royal Society of Chemistry 20xx
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introduced into the washing step to ensure removal of unreacted

precursors and any loose particles. Moreover, instead of preparing a

batch of solutions for immersing purposes, the precursors were

dropwise added onto the substrate surface for green synthesis.

One cycle of standard operating procedure (SOP) of the Spatial SILAR

contains the following three steps sequentially (Scheme 1 A):

(1) Drop 300-puL 10-mM Cu(OAc), ethanolic solution on a glass
substrate, allowing 1 minute for surface bonding, and then drain
away excess solution.

(2) Drop 300-pL 10-mM TAA ethanolic solution on the unrinsed
substrate, allowing 1 minute for reaction.

(3) Immerse the sample in fresh ethanol and operate ultrasonication
for 5 seconds, followed by drying under N, flow.

Repeat the Spatial SILAR cycle as described above to obtain wanted

thickness. The prepared Cus thin films were denoted as CuSN in the

text, in which N is the number of conducted Spatial SILAR cycles.

The molar concentration ratio of the Cu?* and S* in the precursor

solutions was fixed to 1:1 in this study. The whole process of

synthesis was carried out under ambient conditions.

After the completion of the Spatial SILAR deposition, the as-

deposited Cus thin films were annealed at 8515 °C for 15 minutes in

the air. The color of the thin films changed from brown to olive green

after annealing. During the annealing, samples were covered by a

silicon wafer to reduce the loss of S, which then was removed after

sample temperature naturally cooled down to 35 °C or below. All
samples were stored in ambient conditions before characterization
and sensing tests.

A series of CuS5 samples were prepared on an untreated glass slide

as a control. Three droplets with different volume (10, 15, and 20 pL,

respectively) were added onto the slide sequentially following the

SOP of Spatial SILAR.

Synthesis of Cu$S Thin Films on SiO, Support Films. Two PELCO® SiO,
support films were rinsed with acetone, methanol, DIW, and ethanol,
and dried under N, flow, sequentially. The same precursor solutions
as in the Synthesis of CuS Thin Films on Glass Slides were prepared.
Two Spatial SILAR cycles were performed on each sample without
ultrasonication, but thoroughly rinsed with fresh ethanol. One of the
samples was placed on a hot plate with a silicon wafer covered on
top of it to assist the low-temperature post-annealing. Both samples
were placed in a vacuum chamber for one day before TEM analysis.

Writing CuS on Papers. The same precursor solutions as in the
Synthesis of CuS Thin Films on Glass Slides were prepared. An empty
Copic Sketch marker was used as cartridge to carry the prepared
Cu(OAc), ethanolic solution. A piece of standard letter paper was
soaked in the TAA ethanolic solution for 1 minute, followed by drying
under pressed air. The Copic Sketch marker filled with Cu(OAc),
ethanolic solution was controlled by AxiDraw V3, allowing the
precursor to apply onto the prepared TAA paper. The finished paper
was then thoroughly rinsed with ethanol without ultrasonication and
dried with pressed air. Same post-annealing was performed
afterwards.

J. Name., 2013, 00, 1-3 | 3
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Scheme 2 Schematics of the gas sensing setup. MFC: mass flow controller; /,: incident
light; I: emergent light. All materials are not in real scale/ratio.

Synthesis of CuS Powder. Same Cu(OAc), and TAA ethanolic
solutions as in the Synthesis of CuS Thin Films on Glass Slides were
prepared as the precursors and well mixed. After agitating the
solution mixture for 1 hour, the precipitation was collected through
centrifugation. The obtained product was washed with ethanol three
times and dried in a vacuum chamber overnight. The powder sample
was stored in ambient conditions before TGA.

Study of IR Absorption of CO,

The optical gas sensing properties of the prepared CuS thin films
were studied with a Thermo Scientific Nicolet 6700 FTIR
Spectrometer. A customized gas cell with a chamber of 4 mm in
thickness was built for FTIR measurement, which was placed in the
transmission chamber of the FTIR spectrometer during CO, sensing
test (Scheme 2). There were two types of samples in this study, of
which one was the CusS thin films prepared on glass substrates, and
the other one a blank glass substrate as a control. The sample side
with CuS thin film was facing the gas phase in the gas cell. The
incident light first went through a blank sapphire slide (the fixed
window), then the gas phase in the gas cell, the CuS thin film (if there
was), and the glass substrate, sequentially, and reached the FTIR
detector in the end. All FTIR spectra were collected at room
temperature under a flow-through condition in the laboratory. The
collection of FTIR spectra was performed after flowing Ar/CO, for 3
minutes. Two MFCs were used to control the concentration of CO, in
a background of Ar in the flowing gas atmosphere.

Characterization

WeWettability
measurement of water contact angles using a contact angle and
surface tension instrument (First Ten Angstroms FTA135 Contact

analysis of substrates was performed by

Angle Analyzer) with a 10-uL DIW droplet. The morphologies of the
prepared Cus thin films were first analyzed by a Bruker Veeco Innova
scanning probe microscope with the tapping mode atomic force
microscope (AFM) in a scan range of 10 x 10 um?; and then by a FEI
Quanta 600F Environmental Scanning Electron Microscope (SEM)
under high vacuum with approximately 5-nm gold layer on top of the
sample, applying an acceleration voltage of 5.00 kV and spot size of
2.5. Film thickness was calculated based on cross-section SEM
images. Energy-dispersive X-ray spectroscopy (EDX) system in SEM
was conducted to assist the composition determination of the thin
A FElI Titan 80-200/ChemiSTEM Transmission Electron
Microscope (TEM) was used to collect TEM images and Selected Area

films.

Electron Diffraction (SAED) patterns. Commercial TEM SiO, support
films from Ted Pella with 40-nm SiO, membrane were used as the

4| J. Name., 2012, 00, 1-3

substrate. Average particle sizes were determined by manually
counting >100 particles in the micrographs. Thermogravimetric
analysis (TGA) was performed by a TA instrument SDT Q600 to
investigate the thermal stability of CuS in air and Ar environment,
respectively. The phase composition of the chemically synthesized
CuS thin films was determined by a Bruker D8 Discover X-ray
diffraction (XRD) system operating at 40 kV and 40 mA with Cu kq
radiation of 1.5405 A in the 20 scan range from 20° to 50° with a step
size of 0.05°. Raman spectra were collected using a WITec Alpha300
RA with an exciting laser wavelength of 514 nm for the analysis of the
vibrational modes of the CuS. The absorption spectra of CuS thin
films deposited on glass substrates were collected in absorption
mode using a JASCO V-670 UV-Vis-NIR spectrophotometer and the
Thermo Scientific Nicolet 6700 FTIR Spectrometer used in gas sensing
test in attenuated total reflection (ATR) basic smart mode. The
electrical properties of prepared CuS thin films were studied with
Ecopia Hall Effect Measurement Systems with Four Point Probes
(HMS-5000) at room temperature, using 10-step scanning under
1.00-mA current and 0.550-Tesla magnet.

Results and Discussion

SC-1 of RCA clean was carried out on glass slides to remove
organic residuals and particles from the substrate, and in the
meantime, hydroxylate the surface by attaching OH groups. The
obtained hydrophilic surface possesses plenty of reaction sites
for the metal species to chemically bond with the substrate
surface. The results from contact angle measurements (Figure
S-1) confirm the increased hydrophilicity on the glass surface
after SC-1, which is favorable for the bonding with hydrophilic
metal species, such as Cu?* cations in this study. As such, no
additional adhesion layer is necessary to assist the nucleation
and growth of CusS thin films. Additionally, no foreign elements
are introduced into the reaction. These features are particularly
beneficial in optical applications.

As shown in the optical photos in Scheme 1 B and C, CuS10,
CuS20, and CuS30 that were prepared on SC-1-treated glass
slides present improved uniformity compared with CuS5 on an
untreated glass slide. All the resulting CuS thin films show
excellent adhesion to glass substrates after ultrasonication,
revealing no peel-off that is visible to naked eyes as shown in
the photos. The observed excellent adhesion suggests that CuS
thin films prepared by the Spatial SILAR have the potential for
long-term application.

SEM images in Figure S-2 A-C reveal void-free surface coverage
of CuS10, CuS20, and CuS30. These SEM images also imply that
with more Spatial SILAR cycles, a thicker film with bigger CuS
particles could be obtained. Meanwhile, AFM images in Figure
S-3 A-F suggest a similar result that both the particle size and
the surface roughness increase with increasing Spatial SILAR
cycles. The decreased roughness (Figure S-3 G) observed after
the
morphology transformation of the as-deposited CusS thin films
during the annealing. The SEM images in Figure 1 A and B
present that the as-deposited CuS thin film, which consists of
randomly oriented particles with nonuniform size, converts into

low-temperature post-annealing points toward a

This journal is © The Royal Society of Chemistry 20xx
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Figure 1 (A, B) SEM and (C, D) TEM images of as-deposited and annealed CusS thin films,
respectively, and (E, F) the corresponding SAED patterns.

a film that is packed with CuS nanoflakes after the annealing.
This observation indicates a structural phase transition in CuS
during the annealing. Additionally, the corresponding TEM
images with SAED patterns (Figure 1 C-F) show a tendency that
the as-deposited polycrystalline CuS crystals become more
defined and uniform, revealing well-defined lattice planes after
the annealing.

One explanation for this finding could be a temperature-
induced structural transition that brings out a more
thermodynamically stable structure for CuS®® 67. TGA results
(Figure S-4) suggest that CusS starts to lose weight at about 40
°C, which is attributed to the detachment of surface absorbed
water®’. The second weight loss with a faster rate happens at
about 80 °Ciin air, which could be the continuing detachment of
physisorbed water coupling with a possible decomposition of
CuS due to the loss of S. Although commonly CuS decomposes
at a higher temperature than 100 °C®7-%9, it is noted that the
decomposition temperature could be lower than typical for
nanosized CuS®8. Therefore, the temperature was maintained at
85+5 °C throughout the annealing process to prevent the
decomposition from proceeding to a large extent.

Additionally, the samples were covered by a silicon wafer during
the post-annealing to limit the loss of S, which is beneficial to
retain the preferred stoichiometry of CuS, thereby ensuring

This journal is © The Royal Society of Chemistry 20xx
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desired high intensity of LSPR absorption to support SEIRA for
optical sensing application. Fewer nanoflakes were observed
via SEM on a CuS thin film annealed without silicon wafer
(Figure S-5 A) than the one with silicon wafer (Figure 1 B).
Moreover, as shown in the corresponding EDX results, the atom
ratio of Cu to S in the CusS thin film that was annealed without a
silicon wafer is 1.127:1 (Figure S-5 B), while the one annealed
with silicon wafer is 1.017:1 (Figure S-5 D). Therefore, it is
reasonable to assume that due to the restraint from the silicon
wafer more released S would stay close to the remaining CuS on
the substrate, subject to a reaction that promotes the structural
transition. Both the reaction between S and CuS and the
structural transition occur continuously throughout the
annealing process owing to the induced heat, resulting in the
structural phase transition in CusS that leads to the formation of
hexagonal CuS nanoflakes. It is also discovered by EDX that the
stoichiometric ratio between Cu and S in the as-deposited CuS
thin film is 0.938:1 (Figure S-5 C), which is smaller than the
stoichiometric ratio of CuS that is 1:1. This is possibly owing to
the attachment of excess S species on the surface. After the
low-temperature annealing, the atom ratio of Cu to S increases
to 1.017:1, indicating the detachment of S as a result of
annealing.

XRD results presents no prominent diffraction peaks for CusS as
shown in Figure S-6, which is possibly due to nanocrystallinity
and small quantity. We used Raman analysis to provide
additional structural data for these Spatial SILAR-prepared CuS
thin films. Raman spectra (Figure S-7) show an evident peak at
approximately 468 cm™! that is associated with the vibrational
mode of S-S bond, while an inconspicuous peak at around 259
cm related to that of the Cu-S bond”®, and the peak at about
920 cm™ is identified in covellite CuS via RRUFF database
(RRUFF ID: R060143.4). Regardless of the number of conducted
Spatial SILAR cycles or the conduction of post-annealing, there
is no observation on shifting of Raman peaks, indicating that all
the samples are covellite CuS. Therefore, it suggests that the
Spatial SILAR with controlled annealing process can achieve
efficient deposition of covellite CuS thin films as long as the
molar concentration ratio of the precursors is fixed. At this
point, we confirm that covellite CuS thin films, which exhibits
the most substantial LSPR absorption among all the
compositions of copper sulfides, are obtained via the Spatial
SILAR and achieved nanoflake-structure after a controlled low-
temperature post-annealing without compromising the desired
stoichiometry.

The optical properties of CuS thin films were investigated by Vis-
NIR and FTIR spectroscopies. We noticed in the NIR absorption
spectra (Figure S-8) that all the synthesized Cus thin films show
a broad LSPR absorption that possibly absorbs SWIR/MIR other
than a narrow absorption that is usually located in the NIR
region3> 52, 53, 5558, 71 The broad LSPR absorption generating
from the nanostructured Cus thin films becomes stronger with
more synthesis cycles (resulting in thicker film) and the low-
temperature post-annealing (resulting in nanoflake-structure
with better crystallinity). As shown in Figure 2, the FTIR
absorption spectra of the CusS thin films suggest a broad MIR
absorption. Additionally, it is interestingly noticed that there is

J. Name., 2013, 00, 1-3 | 5
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Figure 2 FTIR ATR absorption spectra of as-deposited and annealed CuS40, and a blank
glass substrate measured under standard ambient conditions.

a pair of CO, absorption bands in the spectrum of annealed
CuS40, while no such absorption bands in that of as-deposited
CuS40 nor a blank glass substrate. This observation indicates
that under standard ambient conditions (approximately 1 atm,
20 °C, 55-70% humidity) there is likely an adsorption of ambient
CO, in the annealed CuS thin film consisting of hexagonal
nanoflakes. The results from these absorption spectra confirm
that the broad LSPR absorption from the CuS thin film
synthesized by the Spatial SILAR covers both NIR and MIR
ranges. This property renders the CuS thin film suitable for
enhancing the IR absorption of CO; in both NIR and MIR ranges.
The increased LSPR absorption intensity acquired by the
annealed CuS thin films is likely attributed to increased free
carrier concentration’2, which is associated with the improved
crystallinity and the increased surface area. The results from
XRD and Raman characterization indicate an increased
crystallinity of these thin films after the annealing. As observed
via SEM, the as-deposited thin films consist of randomly
oriented intergrown particles, while the annealed ones exhibit
structure constructed by nanoflakes, suggesting an increase in
accessible surface area. Results from Hall Effect measurements
(Figure S-9) significantly
conductivity of annealed CusS thin films that corresponds to the

confirm a increased electrical

6 | J. Name., 2012, 00, 1-3

increased free carrier concentration in these films, contributing
to the favorable strong LSPR absorption’? for SEIRA.

The selectivity of the proposed CuS-based IR gas sensing
platform in this study is demonstrated by using Ar and CO, as
the analytes. As shown in the as-collected FTIR transmission
spectra of Ar and CO, in Figure S-10 A, there is no absorption of
Ar in SWIR range, while the characteristic absorption bands of
CO,; are observed. Because of the unique IR absorption profile
of each analyte, the selectivity and accuracy of this IR gas
sensing platform are guaranteed. Indicated by the results from
these FTIR spectra, intrinsically the glass substrate absorbs 23-
35% SWIR, while the CuS50 prepared on such glass substrate
absorbs over 99% SWIR. There is no shift nor shape-varying of
the CO, absorption bands observed after applying CuS, only
different absorption intensity. Moreover, the analyte(s) (i.e.,
Ar/CO, with varying concentration) has no influence on the
intrinsic LSPR absorption of Cus.

The CO; IR absorption profile of interest is obtained based on
Beer-Lambert Law. The calculation method is detailed
described in a previous work?®. With the calculation, the
influence of the intrinsic absorption from both the substrate
and the CuS thin film can be eliminated, leaving only the IR
absorption of CO, in the profile. The calculated CO, IR
absorption profile under different conditions are displayed as
the FTIR transmission spectra in Figures S-10 B, S-11 A-D, and S-
12.

As shown in Figure S-10 B, the as-deposited CuS50 barely
enhances the IR absorption of CO, compared to the annealed
one, which is likely due to its structural differences and the
insignificant LSPR absorption as observed via SEM and IR
spectroscopies, respectively. Therefore, in the study, we only
focused on the sensing enhancement performance of annealed
CuS thin films. It is noted that the Fabry—Pérot (FP) effect is a
dominant optical interference when the intrinsic light
absorption of the sensor is significant or that of the analyte is
weak. The two surfaces of a regular glass slide serve as two
reflective glass optical flats, resulting in the multiple
interference peaks observed in the FTIR spectra (e.g., Figure S-
11 C), visualizing the presence of FP effect. According to the CO,
IR absorption enhancement shown in Figure S-11 E, CuS30
provides a more stable and more considerable IR absorption
enhancement for CO, than CuS10 or CuS20. However, when the
absorption from CO, becomes weak due to a low concentration,
the multiple interference peaks from the FP effect conceal the
absorption bands of CO,, which dysfunctions the sensor.
Therefore, thinner glass slides (0.5-mm thick) were chosen as
substrates in the following study, which is efficient to reduce
the inner reflection, and thereby weaken the FP effect. Cus40
was prepared on this thin slide accordingly and obtained
sufficient LSPR for SEIRA (Figure S-8).

The CO, concentration used for gas sensing test on CuS40
ranges from 0.01% to 2.00% (i.e., 100 ppm to 20,000 ppm),
which reaches the lower limitation based on the MFCs. Plots of
experimental IR absorption coefficient of CO, as a function of
concentration are shown in Figures 3 A, and S-13, of which the
values are small in the SWIR region as expected. Adopting the
definition of enhancement factor (EF) used in our previous

This journal is © The Royal Society of Chemistry 20xx
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Calculated IR absorption enhancement factor for CO, provided by CuS40.

works?® 29 73 we determined the sensing enhancement
performance as the equivalent optical path length provided by
nm-thick plasmonic thin-film materials in this work.

The experimental IR absorption coefficient of CO, (Figures 3 A)
indicates a constant increase when applying CuS40 in the
sensor, whereas the increase is slightly larger at high CO,
concentration than at low concentration. However, the
enhanced absorption coefficient of CO, provided by CuS40
significantly exceeds its intrinsic absorption coefficient when
the concentration is as low as 100 ppm. The calculated EF for IR
absorption of CO, provided by CuS40 is shown in Figure 3 B. It
states a nonlinear relationship of EF as a function of CO,
concentration, which is small at high CO, concentration and big
at low concentration. This nonlinear relationship is likely a result
of different CO, concentration ratios between the CO, on CuS
surface and CO, in the gas phase at high and low CO,
concentration in the gas phase, which is dominated by different
At high CO, level,
adsorption is the dominant enhancement element, a smaller

enhancement elements. where the

percentage of CO, molecules are under the electric field near

the surface of CuS nanoflakes; thus, the smaller EF. At lower
total CO, level, where the LSPR effect is the dominant

This journal is © The Royal Society of Chemistry 20xx
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1000

enhancement element, a higher percentage of CO, molecules
are on the surface of CuS, which then result in a more
substantial EF.
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The obtained EF results indicate the highest IR absorption
enhancement for 100-ppm CO, is over 90,000-fold. Such
substantial enhancement can be attributed to the combination
of LSPR effect and the structure of covellite CuS-nanoflake thin
film. First, the free carriers in CuS nanoflake oscillate due to the
electromagnetic field and resonate at the LSPR condition,
thereby providing a large electromagnetic field in the surface
proximity’4 7>, Molecules with active IR vibrations are likely to
receive intensified vibration if entering this intense
electromagnetic field’6. The ultrahigh free carrier concentration
of the annealed CuS thin film fabricated by the Spatial SILAR
with controlled post-annealing treatment can contribute to an
intense and localized electromagnetic field’? as evidently shown
via the LSPR absorption spectra (Figure S-8). The nanoflake
structure also provides a more accessible surface to interact
with the CO, molecules.

The interaction between CuS and CO, was studied in-situ using
a Raman spectrometer. As shown in Figure 4 A, all three
characteristic Raman peaks of CuS shift to smaller
wavenumbers (approximately 10 cm™ difference) while flowing
gases over the surface of CuS40 in an open environment under
standard ambient conditions. An identical shift is observed with
both Ar flow and CO, flow. A red-shift on Raman peak can result
from material lattice expansion or other effects such as phonon
confinement”’. Other than the red-shift, there is no observation
of any new peak when flowing Ar. However, there is a new peak
appeared at approximately 728 cm™ when flowing CO,, which
disappeared after stopping the CO, flow. This peak position
matches with the stretching mode of C-S bond?”8 that is possibly
formed between C in CO, and S in CuS. This result indicates a
close interaction between the sulfur-rich covellite CuS and CO,
molecules, where the surface sulfur sites could potentially
promote adsorption of CO, and contribute to the high
sensitivity towards CO,. Furthermore, it is found that the Raman
peak intensities, including S-S and Cu-S bonds, decreases as
exposing to CO, for longer time (Figure 4 B). This result suggests
the interaction CO, with CuS might alter the electron-phonon
scattering rate”? in CuS. Such interaction is reversible and does
not influence the intrinsic absorption profile of CuS nor that of
CO,, as shown in the FTIR spectra. This close interaction,
however, is likely another essential factor for significant
enhancement.

In comparison with the state-of-the-art works, the absorption
coefficient of 100-ppm CO, in the 4-mm thick gas cell used in
this study is around 7.95 x 10* /cm, which is about 20 times
smaller than that measured from a 5-cm single-mode fibre
(SMF)73. However, the EF for 100-ppm CO, in this work is
91,467, which is about 281 times higher than that from the
metal-organic framework (MOF)-coated SMF. This result
envisions a future to apply CuS on optical structures with a
larger unit sensing area (e.g., optical fibres) to potentially
receive an enlarged enhancement. Later on, a novel integrated
sensor?® of MOF-coated Au-NPA on suspended SisN, achieves
an ultrahigh plasmonic field that reaches a low LOD of 7,300
ppm for CO, with a high IR absorption EF that is 1620 while the
active sensing area is only 4.00 x 104 cm?. Recently another
integrated sensor based on a microstructured photonic crystal®>

8| J. Name., 2012, 00, 1-3

is reported, which functions under elevated temperature and
uses SEIRA for direct gas sensing. This sensor provides 14 times
enhancement of the IR absorption signal for CO,. The single-
material thin-film sensor reported in this work offers the
highest EF for low-concentration CO,, surpassing all existing
works that use SEIRA for gas sensing. Moreover, the
nanostructured CuS was fabricated via a novel and facile
process, Spatial SILAR, which can be implemented in a direct-
write manner.

Conclusions

In conclusion, this work presents the first demonstration that
utilizes CuS solely for SEIRA of CO,, portraying a promising
future in the development of chip-scale IR sensors for
distributed sensing. In this work, covellite CuS thin films that
exhibit substantial LSPR absorption were successfully
synthesized via the Spatial SILAR at room temperature with a
mild post-annealing. This novel synthesis strategy provides a
rapid fabrication of thin films with a controllable scale. The
resulting Cus thin films were comprising of nanoflakes after the
low-temperature post-annealing. The influence of film
thickness on SEIRA of CO, was studied. It was found that thicker
CuS thin film provides more considerable enhancement,
although the enhancement can be compromised by the intrinsic
strong light absorption from the increased thickness, indicating
that there is an optimal thickness for CuS thin film in such
optical application. In this study, CuS-based thin-film sensor
prepared by 40 Spatial SILAR cycles offered an optimal sensing
conditions and provided excellent SEIRA of CO,. A low
experimental detection limit of 100 ppm for CO, with over 9 x
10%-fold enhancement was achieved, which is the best result
among current reported LSPR-enhanced CO, IR sensors. The
significant SEIRA of CO, has likely attributed to both the LSPR
effect from covellite CuS and the strong CO, interaction with the
nanoflakes-constructed thin film. A close relationship between
CO;, and sulfur-rich covellite CuS was observed via Raman
spectroscopy for the first time, which is likely another essential
factor for the significant enhancement.

In summary, the nanostructured CuS thin film via the Spatial
SILAR process shows significant SEIRA of CO,, which offers
considerable prospective value to serve in various fields, such
as transportations, electricity generation plants, and other high-
standard gas monitoring systems.
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