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Silver sulfide (Ag,S) is a traditional semiconductor material, however, the photoelectric properties of Ag,S
particles under different environments are still lacking. In this paper, we reported the preparation of Ag,S
particles and their photoelectric properties under different environments. Results showed that the
photoelectric performance of Ag,S particles was closely related to the environment. It was found that
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1. Introduction

Silver sulfide (Ag,S) is an important inorganic semiconductor
material with properties of both metal and insulator.® Silver
sulfide has a wide range of potential applications in sensors,
nitrogen and antibiotics removal, antibacterial agents,
hydrogen production, photocatalysts, solar cells, fiber lasers,
near-infrared fluorescence biological imaging, photonics,
random network reservoir computing devices etc.>™*” Apart from
the above applications, in recent years, more and more atten-
tion has been focused on its potential application in photode-
tectors due to their near-infrared transparency, low cost, non-
toxicity and compatibility with silicon integrated circuits.'®*
Kang et al. prepared a photodetector by assembling Ag,S
nanoparticles on the silicon oxide substrate and covering a layer
of graphene on the top of Ag,S nanoparticles. They found that
the photodetector showed a high photoresponse of 2723.2 A
W' under 550 nm illumination with 0.89 mW c¢m >.2' Chen
et al. prepared a Ag,S/ZnO hybrid photodetector. They found
that their photodetector is highly sensitive to wavelengths from
400 nm to 1100 nm and the response is fast, less than 5 ms.*
Ismail et al. and Tretyakov et al. prepared Ag,S/Si hetero-
junction photodetectors.***® Ismail et al. found that the prop-
erties of the detector were dependent upon the Ag,S nanotube
deposition time and the maximum responsivity was found to be
ca. 0.5 AW~ ' at 850 nm.> Tretyakov et al. reported the photo-
voltaic effect of the detector based on Ag,S quantum dots and Si
heterostructure and discussed the mechanisms of infrared
absorption: crystal defect absorption of Ag,S or surface state
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absorption of Si.*° Tang et al. prepared Ag,Se@Ag,S core-shell
nanocrystals by an improved solution reaction method, and
found that the nanocrystals showed sensitive near-infrared
photodetection.** Lei et al. reported flexible self-powered Ag,S
photodetector by sandwiching silver film between Ag,S and
organic substrate for the first time, and results showed that the
device could withstand ca. 4000 bending cycles without
performance decay.”

It is well known that it is difficult to obtain single crystal of
Ag,S. Therefore, the Ag,S used in the above devices generally
presents in the form of polycrystalline or dispersed particles.
The discontinuity or poor crystal quality, however, can greatly
reduce the photoelectric performance and hinder the practical
application. We previously reported that poly-(N,N'-bis-4-butyl-
phenyl-N,N'-bisphenyl)benzidine and phenyl-C61-butyric acid
methyl ester on the isolated tungsten disulfide (WS,) mono-
layers could improve the photoelectric properties of WS,.** The
organic carrier transport layer plays an important role in the
formation of conduction channel and in the improvement of
the exciton separation.”® Photoelectric performance tests have
been usually carried out in atmospheric environment. The
effects of carbonaceous and sulfurous gases on photoelectric
properties are usually ignored. Herein, we developed a simple
method to deposit a continuous copper phthalocyanine (CuPc)
film on the surface of Ag,S particle film, and photoelectric
performances were examined in air mixed with methanol,
ethanol, propyl alcohol, butyl alcohol and carbon disulfide
(CS,), respectively. We found Ag,S showed completely different
photoelectrical properties in carbon disulfide, which can be
used for selective detection of the toxic gas of CS,. It is well
known that the selectivity of gas sensors based on semi-
conductor particles is difficult to achieve. Our results may
provide a way to detect gas by using photoelectric performance.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2. Experimental
2.1 Chemicals

Silver and sulfur were used as the precursor of Ag,S. Silver
(99.95%), sulfur powders (99.99%), methanol (CH;OH, AR),
ethanol (CH3;CH,OH, AR), n-propyl alcohol (CH;CH,CH,OH,
AR), n-butyl alcohol (CH3;CH,CH,CH,OH, AR) and carbon
disulfide (CS,, AR) were purchased from Aladdin (Shanghai,
China).

2.2 Preparation of Ag,S particles film

Silver sulfide particles film was grown on the glass substrate by
the reaction between silver and sulfur. Silver film with a thick-
ness of 300 nm was firstly deposited on the glass substrate by
conventional thermal evaporation under 5 x 10~* Pa with
a deposition rate of 12 nm min . Then sulfur powders were
loaded in a quartz boat. The silver film was covered on the
quartz boat. After that, the quartz boat was put into a quartz
tube. The quartz tube was vacuumed with argon (20 sccm) as
a protective gas for 15 minutes to remove the air. Then the
quartz tube was sealed at ca. one atmosphere and heated to
250 °C from room temperate with a rate of 10 °C min~*. After
heating at 250 °C for 30 minutes, the quartz tube was cooled
down to room temperature naturally and the Ag,S was obtained.

2.3 Preparation of Ag,S photodetector with CuPc film

The photodetector was prepared by the deposition of CuPc film
and silver electrode layer on the Ag,S particles grown on the
glass substrate in turn. The CuPc layer was deposited by vacuum
thermal evaporation process.”” The deposition pressure was set
at less than 6 x 10~* Pa. The thickness of the CuPc is ca. 7 nm.
The silver electrode was vaporized onto the CuPc film using
a mask. The channel width of the detector is 30 um, and the
length is 100 pm. The schematic diagram of the photodetector
is shown in Fig. 1a.

2.4 Preparation of photodetector based on Ag,S particles

Aurum (Au) interdigital electrode was patterned onto the
alumina ceramic substrate using photolithography by evapo-
ration. Then Ag,S particles grown on the glass substrate (see
2.2) were scraped and sonicated in deionized water. Ag,S
particles dispersed in water were dropped onto the surface of
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Fig. 1 The illustration of two different photodetectors: (a) based on
the Ag,S/CuPc hybrid film; (b) Ag,S particles deposited on Au inter-
digital electrode.
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Aurum interdigital electrode and dried in air to form the
detector, as shown in Fig. 1b.

2.5 Characterization

X-ray diffraction (XRD) was carried out on a Thermo ARLXTRA.
Field emission scanning electron microscopy (FESEM) coupled
with energy dispersive X-ray spectroscopy (EDS) were conducted
on a FEI Apreo S HiVac. Raman spectroscopy was performed on
an HR Evo Nano with a 532 nm laser. Ultraviolet visible near
infrared (UV-VIS-NIR) absorption was conducted by using
a Shimadzu UV-3600. Electrical measurements of the Ag,S
coated with CuPc film were conducted on an Agilent 4200SCS
and a LakeShore TTPX. Photoelectric characteristics were
examined under the irradiation of a 500 nm laser with a power
of 2.5 mW cm™>. Photoconductive tests of the photodetector
based on Ag,S particles under different atmospheres (meth-
anol, ethanol, n-propyl alcohol, n-butyl alcohol and CS,) were
conducted on a Keysight 34461A with a commercial light-
emitting diode with a central wavelength of ca. 470 nm. The
power of the diode was set at ca. 2.0 mW cm > A typical
response test cycle was about 80 s. In this experiment, the
detector was put in a home-made plastic chamber (100 ml)
connected to air. Chemical (25 ul) was injected into the
chamber. After injection, the chamber was sealed. As the liquid
reagents evaporated, the concentration of the gas of alcohols
and CS, in the air increased from zero to saturation. The
chamber was thoroughly cleaned using deionized water and gas
flushing before experiment.

3. Results and discussion
3.1 XRD of Ag,S

Fig. 2 shows the XRD patterns of Ag,S particles grown on the
glass substrate. The peaks at 31.5°, 33.6°, 34.4°, 34.7°, 36.8°,
37.7°,40.8° are attributed to the diffraction peaks of monoclinic
crystals of Ag,S (JCPDS, 14-0072), corresponding to the (—112),
(120), (—121), (022), (013), (—103) and (031) planes, respectively.
No diffraction peaks except Ag,S were found, indicating that the
product was mainly silver sulfide. The average width of the three

(-103)

(121 @)

(120) (022)

112) (031)
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Fig. 2 X-ray diffraction patterns of Ag,S particles on glass substrate
prepared by the reaction of silver and sulfur vapor at 250 °C.
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relatively strong peaks of (013), (—103) and (031) is 0.16° +
0.03°, according to Scherrer formula and take into account of
the instrument error, the average size of Ag,S particles is esti-
mated to be larger than 48 nm.?® The intensity of the diffraction
of the Ag,S is low. The signal intensity of the strongest diffrac-
tion peak (—103) is only ca. ten times that of the noise signal.
We believe that the silver film vaporized and sublimated away
during the Ag,S growth at relatively high temperature, resulting
in the poor crystallinity. XRD patterns of samples grown at low
temperature are shown in Fig. S1.f The strongest peak of
different samples appears at different positions, indicating that
the synthesizing condition has an effect on the crystallization
quality. In the sample grown at 100 °C, sulfur impurity was
found (Fig. S1at). Therefore, low temperature is not beneficial
for the pure Ag,S growth. It is difficult to obtain high-quality
Ag,S by chemical reaction between the metal silver film and
sulfur vapor.

3.2 Raman

Fig. 3 shows the Raman spectra of Ag,S particles for different
laser irradiation time. It can be seen that broad peaks exist in
the low-frequency region, centered at ca. 53, ca. 198 and ca.
460 cm . The peak at ca. 53 cm ™! is corresponding to A, mode
of Ag,S.> The peaks at ca. 198 and ca. 460 cm " are due to the
first- and second-order longitudinal optical phonon modes in
monoclinic a-Ag,S.** The existence of these broad peaks can be
attributed to the lattice disorder and/or silver vacancies formed
during the crystal growth or laser illumination during the
Raman test.** In addition, a shoulder at ca. 273 cm ™" is attrib-
uted to the radial vibrations of (AgS), clusters.*® In the high-
frequency region, there exist two peaks at ca. 1230 and ca.
1422 cm™ ", respectively. These peaks were also observed by
other research groups when the Raman test was carried out with
high power laser irradiation. Martina et al. assumed that these
peaks were due to the photo-decomposition products.*> We
observed that the intensity of the Raman peaks decreased with

Intensity (a.u.)

600 900 1200

Raman shift (cm'l)

0 300

Fig. 3 The time evolution of Raman spectra of Ag,S particles: (a) 30 s,
(b) 210 s, (c) 390 s, (d) 570 s, (e) 750 s, and (f) 930 s, respectively. The
Raman spectrum was integrated for 30 s, with continuous laser illu-
mination. The signal of curve (a) was amplified by five times. Apart from
(a), the data were measured at same location.
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the extension of Raman test time, indicating that the photo-
decomposition of Ag,S occurred during laser irradiation. These
peaks ca. 1230 and ca. 1422 cm™ ', are related to the photo-
decomposition products of Ag,S, such as silver and sulfur
oxides.”>** We assumed that Ag,S would react further with
oxygen in air to form silver oxide (Ag,0). The existence of Ag,0O
is evidenced by the appearance of two peaks at 551 and
1074 cm™ ' in Fig. 3f, which are corresponding to the Ag-O
stretching/bending modes.*

3.3 FESEM and EDS

FESEM was conducted to characterize the morphology of Ag,S
particles.** It was observed that Ag,S particles were dispersed on
the substrate, and in some areas the particles sticked together
(Fig. 4a). The silver sulfide particles exhibit a pyramid shape,
indicating that Ag,S is crystallized. The size distribution of Ag,S
domains is not uniform, ranging from ca. 55 nm to ca. 470 nm,
with most domains at ca. 150 nm. The results are consistent
with the previous XRD results. The composition of the particles
was analyzed by EDS.* Fig. 4b-d is the overlay of sulfur (S) and
silver (Ag) EDS maps, S EDS map, and Ag EDS map, respectively.
The coincidence of these three maps proves that the particles
are Ag,S. The ratio of Ag : S is ca. 62.67 : 37.33 according to the
EDS data, indicating the presence of silver vacancies in the Ag,S
crystals.

3.4 UV-VIS-NIR absorption

Fig. 5 shows the UV-VIS-NIR absorption spectrum of Ag,S
particles. An absorption edge in the near-IR region (0.65-1.5 €V)
is due to Ag,S particles. Tauc plot was used to estimate the
bandgap energy as shown in the insert in Fig. 5.>° Herein, the
plot was generated by plotting (Ahv)* as a function of photon
energy hv, where A represents the absorption value. The

20 .um

overlay

Fig. 4 Typical FESEM image and EDS mappings of Ag,S particles on
glass substrate prepared by the reaction of silver and sulfur vapor at
250 °C: (a) FESEM image, (b) overlay of S and Ag EDS maps, (c) S EDS
map, and (d) Ag EDS map. The scale bar in (a) represent 2 um, and 20
um in (b)—(d).
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Fig. 5 UV-VIS-NIR absorption spectrum of Ag,S particles grown on
glass substrate through the reaction of silver and sulfur vapor at
250 °C. The insert shows the Tauc plot, where A represents the
absorption value of Ag,S particles.

horizontal axis of the insert figure corresponds to the photon
energy hv and the vertical axis corresponds to the value of (Av)>.
The plot behaves as a linear function near the absorption edge,
indicating that Ag,S is a direct band gap semiconductor. The
intercept of the extension of the linear part on the horizontal
axis is considered as the bandgap energy. The bandgap energy
of Ag,S particles is calculated to be ca. 0.92 eV, consistent with
those previously reported.”** In addition to the absorption
edge, there is an Urbach tail on the low energy side.* The
Urbach tail is generally associated with low crystallinity, defects,
and inter-grain depletion.”®** We fitted the Urbach tail by an
exponential function, and found the Urbach energy was ca. 200
meV, indicating the low crystallinity of the Ag,S particles we
obtained.*

3.5 Photoelectric properties of Ag,S with CuPc coating

Fig. S21 show the current-voltage (I-V) curve of Ag,S film under
irradiation at 500 nm. It was found that the dark and light
currents overlapped with the open circuit test current. The
result demonstrated the pure Ag,S film was nonconductive. As
can be seen from the FESEM image (Fig. 4), the continuity of the
film is poor, thereby rendering the film nonconductive. After
being coated with CuPc, the photocurrent was evaluated. Fig. 6
shows the I-V curves of the device based on Ag,S/CuPc hybrid
film with or without light. The light current is larger than the
dark current. Fig. 7 shows the current-time curve of the device.
The device shows a stable photoelectric performance in
a limited number of test cycles. The photocurrent and on/off
ratio increase with the increase of time (Fig. 7a), which is
related to the gas desorption. The rise/decay time (in Fig. 7b) is
ca. 160 ms, which is faster than that of pure CuPc.”” Kim et al.
investigated the photodetector based on Ag,S and carbon
nanotubes.*” The rise/decay time they obtained is one/two
orders of magnitude slower than that of our results. There-
fore, we assumed the presence of CuPc could improve the
photo-electric properties of Ag,S. The conduction type of Ag,S

© 2022 The Author(s). Published by the Royal Society of Chemistry
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laser illumination.

was proved to be n-type by hot-probe method (Fig. S31).** After
the formation of heterogeneous structure of n-type Ag,S and p-
type CuPc, a built-in electric field is formed between them,
promoting the separation of photogenerated electron-hole
pairs.”” The separated electrons and holes are transferred to
CuPc, which acts as a carrier transport channel, thereby
enhancing the photoelectric performance of the device.

3.6 Photoelectric properties of Ag,S particles in different
atmospheres

In order to study the effects of atmosphere on the photoelectric
properties, the photoconductance test of photodetector based
on Ag,S particles were carried out in air containing alcohol
homologue and CS,. Fig. 8a shows the time dependent resis-
tance of Ag,S particles with/without light irradiation in air and
CH3;O0H. It was observed that the resistance decreased during
the light exposure and recovered after the light was turned off.
This cycle was repeatable within the time frame of the test. The
resistance decreases by ca. 0.9% after illumination. The main
reason for the decrease of the resistance as the light turns on is
due to the generation of photocurrent. The shape of the peak in
Fig. 8a is different from that in Fig. 6b, where the former is
blade and the latter is rectangular. Same phenomenon can be
found in Fig. 8b-d. The resistance of the photo detector in an
inert atmosphere is great and out of the range of Keysight
34461A, shown in Fig. S4.1 The photocurrent effect was not
observed. It is believed that the difference of the peak shape in
Fig. 7 and 8 is related to adsorption-desorption kinetics of gas
molecules on Ag,S surface. The blade shape indicates a longer
time to reach adsorption equilibrium. Different from the
photoelectric properties of Ag,S coated with CuPc, the resis-
tance of Ag,S particles surrounded with alcohol atmosphere
cannot reach a steady state even after a long time. For example,
the resistance of n-butyl alcohol adsorbed Ag,S particles was
found to be kept increasing even after the illumination stopped
for 3 minutes. Therefore, it is not appropriate to use up/decay
time to characterize the response time. Herein, exponential
functions were used to fit the data in Fig. 8 and the calculated
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Fig.7 Current—time curve of Ag,S/CuPc hybrid film with/without laser illumination: (a) the current—time curve with laser on/off; (b) magnified
image of (a) in the range from 63.3 to 69.3 s, decent showing the rise and decay time of the photodetector. The drain voltage of the photo-

detector is 20 V. The internal of data collection is 80 ms.

exponential constant was used to characterize the response
time.

The part of the curve where the resistance drops after illu-
mination is fitted by exponential decay function. The expo-
nential decay constants are ca. 34 + 115~ ', 582 £ 318 ', 41 +
7 s 'and 57 & 20 s~ corresponding to the detector exposed to
methanol, ethanol, n-propyl alcohol and n-butyl alcohol,
respectively. Except ethanol, the decay time increases with the
increase of carbon atoms in alcohol homologue, indicating that
the resistance of the detector is related to the size of adsorbed
gas molecule.
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It was observed that the background of resistance-time
curves decreased with the increase of time. As the alcohol gases,
reductive molecules, adsorb on the surface of n-type Ag,S
particles, the energy band near the grain boundaries bends
down, resulting in the decrease of the resistance. Therefore,
with the extension of time, the adsorption molecules increase
and the resistance decreases. Adsorption of gas molecules leads
to the longer response time.

Fig. 9 shows the illumination dependent resistance-time
curve of Ag,S photodetector exposed to CS, and air. Contrary to
the previous data in Fig. 8, the resistance increased sharply to
a maximum by ca. 5.4% and decreased slowly during the
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Fig. 8 The resistance—time curves of Ag,S particles with/without light exposure in air mixed with (a) methanol (CHzOH), (b) ethanol (CH3-
CH,OH), (c) n-propyl alcohol (CHzCH,CH,OH), and (d) n-butyl alcohol (CH3CH,CH,CH,OH), respectively.
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Fig. 9 The resistance—time curve of Ag,S particles in a mixture of air
and carbon disulfide (CS;) with/without light irradiation.

illumination. As the light turned off, the resistance reduced
dramatically to a minimum. This phenomenon can be mainly
attributed to the selective adsorption of CS, and the resulting
energy band bending of Ag,S, rather than a photoconductivity
effect.

It is well known that, in colloidal chemistry, substances
preferentially adsorb ions of the same ions as those contained
in the substance itself. Herein, we suppose a dense layer of CS,
is adsorbed on the surface of the Ag,S particles by selective
chemisorptions and oxygen molecules are pushed away from
the particle surface. The CS, releases an electron to Ag,S to form
CS," cations adsorbed on the Ag,S surface, resulting in the
formation of an electron accumulation layer at the surface of
Ag,S and the downward energy band bending of Ag,S (Fig. 10a).
As a result, the resistance drops to a minimum. CS, desorption
and oxygen adsorption occurred under illumination. We
assumed that the photoinduced oxidation promotes the CS,
desorption. Oxygen molecules acquire electrons and exist on
the surface of Ag,S in the form of negative ions, forming
a depletion layer at the boundary, resulting in an upward

(b)
CS,*
CS,*
-0,
CS,*
CS,*
light off state light onlstate

T —_Ec
_________ Ef
Ev

band bending band bending

Fig. 10 Schematic illustration of gas adsorption over Ag,S particles
and corresponding band bending: (a) CS, adsorption and downward
bending; (b) oxygen (O,) adsorption and upward bending under light
irradiation. Ec, Ef and Ev represent conduction band, Fermi level and
valence band, respectively.
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bending of the energy band and an increase in resistance
(Fig. 10b).** Indeed, the specific mechanism of adsorption and
desorption is still unclear, and further research is needed.

4. Conclusion

In this study, Ag,S photodetectors were prepared and its
photoelectric properties were examined in the presence of CuPc
coating, air, alcohol gases and carbon disulfide. Results show
that the detector based on Ag,S particles covered with CuPc film
exhibits faster response time, and that the CuPc coating can
improve the photoelectric performance by forming a built-in
field. Our results showed organic and inorganic semi-
conductor hybrid is a convenient way to prepare photodetectors
with low cost and high performance. In addition, it was found
that the photoelectric performance of the device is sensitive to
the atmospheres. The response time of the device based on pure
Ag,S particles is reduced due to the adsorption of alcohol gases.
Different from alcohol gas, the presence of carbon disulfide
increases the resistance of the detector, which can be used for
the selective detection of CS,. In addition, our results provide
a possible way to study gas adsorption behavior by
photodetector.
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