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Highlights
- bismuth oxysulfide films have high sensitivity to changes of relative humidity;
- this is originated from nanoplate-like structure of the films;
- water adsorption leads to ionic conductivity and electron acceptance from film.

Abstract

Bismuth oxysulfide (BOS) films formed on dielectric glass substrate by the chemical bath
deposition have a high sensitivity to moisture content demonstrating decrease of the electrical resistance
up to three orders of magnitude when the relative humidity (RH) increases from 5 to 85%. High
sensitivity of resistive structure representing 0.65 um thick film between two Ag contacts is associated
with peculiarities of its microstructure. BOS films are composed of randomly oriented thin plate crystals.
The presence of a great number of intergrain boundaries restricts transport of charge carriers (both in the
dark and under illumination), which is desirable for resistive humidity sensors. As BOS films possess a
high surface-to-volume ratio, this makes them ultra-sensitive to adsorption of various molecules and, in
particular, water. It is supposed that ionic conductivity in a thin film of adsorbed water plays a crucial role
in fast response of sensor (1-3 s) to adsorption-desorption cycles.
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1. Introduction

Nowadays, there is a growing interest in the development of photodetectors based on
nanostructured semiconductor bismuth compounds (sulfide Bi.Sz [1-8], oxysulfides of various
compositions (BigO7.50e, Bi202S) [9, 10], thioiodide BiSI [11], selenoiodide BiSel [12], oxyiodide BiOl
[13, 14]). However, the sensitivity of such devices as a rule is rather poor making important their further
improvement, as well as looking for new materials for production of detectors. The aforenamed sensors
can be divided into two groups. In the first case, a solid-state structure — a photoresistor — is formed, in
which the current flows in the plane of the film. The second approach is based on formation of a
photoelectrochemical structure, when an absorbing semiconductor layer is in contact with an electrolyte,
and the current flows in the direction normal to the film plane. It is obvious that solid-state structures are
much more convenient from the point of view of their practical applications; however, when using them,
a problem associated with the scattering and recombination of charge carriers at the boundaries between
the particles forming the film (nanobelts, nanoplates, etc.) may arise.
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Another interesting application of oxide and chalcogenide semiconductors and, in particular,
bismuth compounds is associated with creation of devices for relative humidity sensing [15-19]. One of
the simplest types of RH sensors is resistive, where resistance changes under variation of RH value [20-
21]. Despite the difference in mechanisms of interaction of water molecules with the surface of various
materials and, correspondingly, the difference in response to RH changes, it is obvious that a high
surface-to-volume ratio is desirable for high device sensitivity. In this connection, nanostructured
materials (arrays of nanowires, nanobelts, nanoplates, etc.) are of heightened interest.

Recently, a new semiconductor material — bismuth oxysulfide (BOS) Bi10OsSe has been synthesized
[22—24]. Photoelectrochemical properties of BOS were investigated in details, and in particular a great
photoconductivity under electrochemical polarization in various aqueous electrolytes was discovered
[22]. The films of bismuth oxysulfide are composed of thin (a few tens of nanometers) randomly oriented
plate crystals and have the energy gap of 1.4 eV [22]. Such pronounced platelet-like structure provides a
high surface-to-volume ratio allowing considering this material as promising for sensor applications,
whereas the above-mentioned band gap energy value points to the possibility to use this material for
detection of visible light. However, the use of electrolytes (first of all, agueous) makes significant
demands on the corrosion and photocorrosion hardness of semiconductor electrodes, on the hermeticity of
an electrochemical cell and a fire safety (when organic solvents are used).

In this work, we study the basic solid state (“dry”) electrical properties of BOS films in the dark and
under illumination, as well as the influence of heat treatment on these properties. A possibility to prepare
light and humidity sensors based on the bismuth oxysulfide films is analyzed.

2. Experimental

BOS films were prepared by the chemical bath deposition onto dielectric glass substrates according
to the method described in details in [22]. The aqueous solutions for deposition contained 0.021 M
Bi(NOz3)s, 0.73 M triethanolamine, 0.21 M thiourea and 0.16 M NHz and was heated on the boiling water
bath. Deposition time was equal to 80 min.

For in-plane electrical measurements, two parallel contacts were formed on the film surface using a
silver paste. Intercontact distance was equal to 0.3 mm. Evaluation of electrical properties of the prepared
BOS films was carried out by the measurement of their current-voltage (I-V) curves using a Keithley
2400 source-meter in the dark and under illumination. Three monochromatic ProLight PM6B-3LFx LEDs
(wavelength 465, 525, or 623 nm, which corresponds to the band-to-band light absorption) equipped with
quartz condenser lens with variable intensity were used in these experiments. A calibrated Hamamatsu
1336 8BQ photodiode was used for determination of the incident light intensity. The maximal
illumination intensity was equal to 32 mW/cm? for the LED emitting at the wavelength of 465 nm.

The films were subjected to a vacuum heat treatment at 200 °C. Such temperature was chosen
because it was established earlier that the heat treatments of the films at higher temperatures modify their
phase composition [22].

The phase composition of the BOS films was controlled by the X-ray diffraction (XRD) and Raman
spectroscopy. XRD analysis was carried out with an Empyrean diffractometer (PANalytical; Cu K,
source with a Ni-filter, 0.01 degree step). Raman spectroscopy was performed using a Nanofinder HE
(LOTIS-TH) confocal spectrometer [25-27]. In these experiments, a CW laser (532 nm) was used for the
excitation with intensity of incident light attenuated down to 60 um to avoid a sample damage.

Thermogravimetric (TG) analysis was performed in argon atmosphere at a scanning rate of
5 °C/min with a NETZSCH STA 409 PC/PG analyzer in the temperature range of 25-200 °C.

The processes of adsorption-desorption of water vapor on the surface of the films were studied at
room temperature in a darkened climate chamber. The film was connected to a Keithley 2450 source-
meter. The pressure of the residual gases was less than 0.1 mbar. Cyclic processes of adsorption and
desorption of water vapor on the surface of the samples were realized by puffing saturated water vapor
into the chamber and then pumping it out using a forepump. Since the films have a certain persisted
photoconductivity, they were kept in the dark for half an hour before the start of the experiment. Then a
constant voltage of 20 V was applied to the film, and the dependence of the current on time



(chronoamperogram) was recorded. Simultaneously with the current, the relative humidity in the chamber
was controlled using a SHT75 humidity and temperature sensor (Sensirion).

3. Results and Discussion

3.1. Structural properties of BOS films

Figures la—1c demonstrate typical scanning electron microscopy images for the as-prepared BOS
film. As is seen from Figs. 1a and 1b, the film is composed of randomly oriented thin plates and has very
friable (non-dense) structure. According to Fig. 1c, the film has uniform thickness of appr. 0.65 um.
XRD, Raman spectroscopy and TG analyses of the BOS films will be discussed further.
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Fig. 1. Scanning electron microscopy images of the as-prepared BOS film in in-plane (a, b) and cross-
sectional (c) geometries, scale bars corresponds to 1 um; TG curve of BOS (d); XRD patterns (e) and
Raman spectra (f) of BOS film before and after heat treatment at 200 °C.
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3.2. Electrical properties of the as-prepared films

The experiments have demonstrated the linearity of the dark I-V curves of the as-prepared BOS
films. The resistivity calculated from the dark 1-V curves was estimated about 3-10° Q-cm, and such high
dark resistance is desirable for formation of photosensors. The observed high resistivity value seems to be
originated from a great number of the interfaces between plate crystals, where existence of potential
barriers impeding charge transfer is expected.

High resistivity of the as-prepared films did not allow reliable determining the sign of their thermal
voltage; however, as it was revealed previously from electrochemical measurements [22], the films
possess n-type conductivity.

In Fig. 2, the variation of the current between two Ag contacts formed on the surface of the BOS
film under step-wise variation of the incident light intensity and under a constant bias voltage of 50 V is
presented. As is seen, the films reveal photoconductivity under visible light illumination. Moreover, one
can see long-time relaxations of the current after switch-off of the light (persistent photoconductivity),
which is inherent to disordered semiconductors. From the kinetics of the current change given in Fig. 2,
lux-ampere curves were plotted (dependence of the current increment under illumination normalized to
the dark current on the incident light intensity, Fig. 3).
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Fig. 2. Kinetics of the current changes of the as-prepared BOS film
under step-wise variation of incident light intensity.

The obtained lux-ampere curves can be fitted well by the power-like function
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where 1 is the current under illumination, lqark IS the dark current, S is the intensity of the incident light,
and C is the constant. The values of exponent n vary from 0.62 to 0.7 depending on the wavelength,
which indicates an intermediate case between quadratic (n = 0.5) and linear (n = 1) recombination.
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Fig. 3. Lux-ampere curves for the as-prepared BOS film
derived from dependences given in Fig. 2.

Taking into account the geometrical size of the studied films, as well as the intensity of the incident
light, the external quantum efficiency (EQE) was estimated to be equal to appr. 0.2%. This is significantly
lower in comparison with the EQE values for processes in electrolytes (up to 2500%) [22]. The observed
difference can be explained by the different geometry of current passing. In the photoelectrochemical
experiments, the current passes across to the film, whereas in this work, the in-plane geometry was
applied. As is known, in the case of the fundamental light absorption, the photocurrent density jon can be
represented as

jphzj_jdark:(J_o-dark)E=e(/un+/up)AnE=e(/un+/up)TgE ! (2)

where j and jqark are the current densities under illumination and in the dark, respectively; ¢ and cdarx are
the conductivities of the film under illumination and in the dark, respectively; E is the electric field
strength; e is the electron charge; An is the photoinduced increase in the concentration of electron-hole
pairs; pn and pp are the mobilities of electrons and holes, respectively, 1 is the lifetime of charge carriers,
and g is the rate of their photogeneration. In the case of electrochemical measurements, E =~ 10° VV/m (the
voltage drop in the film U = 1V, and the film thickness d = 1 um). In the case of in-plane measurements,
E ~ 1.7-10° V/m (the voltage drop in the film U =~ 50 V, and the intercontact distance d = 0.3 mm).

The second reason of the significant difference in EQE values for solid state and electrochemical
measurements is related to the different impact of boundaries between the nanoplates. In electrochemical
experiments, each plate has a contact with electrolyte; the length of path of charge carriers in
semiconductor does not exceed the film thickness and, correspondingly, the contribution of their
recombination and scattering at the boundaries between nanoplates is insignificant. On the contrary, in the
case of in-plane experiments, the intercontact distance (a hundreds of micrometers) is significantly larger
in comparison with the linear size of plates (about micrometer) resulting in pronounced influence of
interface recombination and scattering on the observed photoelectrical properties. According to the light
induced transient grating method [28-30], the diffusion coefficient of charge carriers in the BOS films
does not exceed 0.01 cm?/s, whereas their lifetime equals to a few tens of picoseconds [23]. Interface
recombination results in reduction of non-equilibrium concentration of charge carriers under steady-state
illumination, and their scattering at the inter-particle interfaces leads to the decrease of their mobility.



3.3. Influence of heat treatment on the electrical properties of the BOS films

As is seen from Fig. 4, the increase of temperature gives rise to the increase of electrical
conductivity with a variable activation energy. In the temperature range 300-350 K close to the room
temperature (marked with vertical dash lines in Fig. 4b), the activation energy equals to 0.13 eV. Note
that heat treatment at 200 °C leads to decrease of resistance by appr. 7 orders of magnitude. However, the
long-time (a few month) storage of the heat treated films in the dark at the atmosphere results in nearly
full recovery of their resistance.

We assume that during vacuum annealing, a part of the oxygen and sulfur atoms are removed from
the films, and the arising anion vacancies act as donor centers. This argumentation is supported by the TG
analysis (Fig. 1d). As is seen, in the studied temperature range, there are two regions with different slopes
on the TG curve. It is reasonable to associate the low-temperature region (below appr. 70 °C) with the
water desorption, whereas at higher temperatures the mass loss is determined mainly by removal of atoms
from the anion sublattice. The increase of the donor concentration results in a decrease in the height of
potential barriers ® at the interfaces between the nanoplates according to the well-known relation [31]
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where Ns is the surface density of the charged electronic states at the interface, o is the electric constant,
e Is the permittivity of semiconductor, and Ng is the concentration of ionized donors in BOS
semiconductor. Decrease of the potential barriers’ height, in turn, reduces the film resistance. During the
storage of the films in air after heat treatment, atmospheric oxygen is captured by them, which gives rise
to a decrease in the concentration of vacancies and, correspondingly, to slow recovery of the film
resistance.
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Fig. 4. Temperature dependence of BOS film resistance during vacuum heat treatment
in the linear-log (a) and Arrhenius (b) coordinates.

Measurement of thermal voltage demonstrates n-type conductivity of the BOS films after vacuum
heat treatment, which is in agreement with their electrochemical behavior [22].

Both XRD and Raman spectroscopy analyses point to a high degree of structural disorder of the
BOS films. It manifests itself in a large width of reflexes on the XRD patterns (Fig. 1e) and presence of a
wide background signal in the Raman spectra (Fig. 1f). The presence of wide background is typical for
disordered semiconductors and related to the relaxation of the fundamental selection rule k =0 (k is the
wave-vector of a phonon) for one-phonon Raman scattering processes [32]. Identity of the XRD patterns
and Raman spectra measured before and after heat treatment of the BOS films demonstrates the
conservation of their phase composition.



3.4. Humidity sensing

To establish the possibility of formation of humidity sensors based on the BOS films, the following
sequence of measurements was realized. The BOS film was placed in a darkened climate chamber and
kept in the dark for half an hour before the start of the experiment. Then, the chamber was evacuated for
200 s. Further, water vapor was admitted for 700s, after which the source of water vapor was
disconnected from the chamber and it was pumped out for 200 s. The RH before the puffing was equal to
5%. The "puffing-pumping” cycle was repeated several times. The corresponding kinetics of the current
changes (chronoamperogram) is shown in Fig. 5. Its analysis enables one to draw the following
conclusions:

1. The puffing of water vapor leads to a sharp (up to three orders of magnitude) decrease in the
resistance of the films.

2. The dependence of the current on time after the puffing of water vapor has a non-monotonic
character: after a fast and sharp initial current increase, it slightly and slowly decreases with reaching a
stationary value.

3. When cycling "puffing-pumping”, the qualitative dependence of the current on time is preserved,
however, there are noticeable differences in the stationary values of the current when the maximum and
minimum values of the relative humidity are reached.

The small inertia of the prepared sensing structure attracts attention. Figure 6 demonstrates parts of
the chronoamperogram corresponding to a change in the current immediately after the start of the puffing
and pumping out water vapor. As can be seen from Fig. 6, the current increases by more than an order of
magnitude within a second after the start of puffing. The recovery of the film resistance after the start of
pumping out also occurs quite quickly: during the first second, the current decreases down to 10% of the
stationary value reached at the maximum humidity.
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Fig. 5. Kinetics of the current changes for BOS film recorded under
a constant bias voltage and cycling “puffing-pumping” of water vapor.
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There are many publications devoted to the creation of humidity sensors based on nanostructured
metal chalcogenides and oxides [15-19, 33-35]. Most of the above resistive sensors have a long
response/recovery times and a large hysteresis observed on the kinetics of sensors’ resistance change
during water adsoprption/desorption processes. One of the best results for devices based on bismuth
compounds is presented in the article [19], which describes optimized relative humidity sensors based on
Bi>S3 nanobelts. The described sensors have a fast response/recovery times in wet environments, good
property reproducibility, and high stability. At the same time, the increase in current observed in [19] with
an increase in humidity up to 90% was only about 13 times, while the presented in this paper BOS based
sensing structure demonstrates an increase in current up to three orders of magnitude.

The noted non-monotonic dependence of current on RH points to existence of at least two opposite
mechanisms of influence of adsorbed water on the BOS film resistivity. In general case, water adsorption
can affect the resistivity by (i) change of the charge carriers concentration in semiconductor due to
electron exchange with adsorbed water and species dissolved in it (first of all, molecular oxygen); (ii)
ionic conductivity provided by adsorbed water.

A typical example of impact of electron accepting from semiconductor by the adsorbed water is
described in work [33] for single layer MoS; film. Such process was confirmed experimentally by the
photoluminescence spectroscopy (increase in the intensities ratio for the lines corresponding to neutral
and negatively charged excitons with RH) and resulted in resistivity growth for MoS: films by four orders
of magnitude upon RH increase from 0 to 35%. Note that despite the fact that in our case effect of RH
change on resistivity is not so high, the BOS films reveal much shorter response to RH change in
comparison with [33].

Taking into account the aforesaid, we suppose that the fast initial growth of current after H,O
puffing is influenced by dissociation of adsorbed water molecules, which results in appearance of ionic
conductivity. This ionic conductivity is influenced mainly by hydroxide anions, whereas the protons are
captured by oxygen and sulfur anions in BOS. Formation of O-H and S—-H covalent bonds occurs
according to the donor-acceptor mechanism due to the electron pairs of sulfur and oxygen. Moreover, a
slight BOS dissolution (hydrated Bi®* cations, HS™ and S? anions) can give some contribution into ionic
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conductivity. Subsequent slow decrease of the current is determined by accepting electrons from n-type
film by the oxygen dissolved in adsorbed water. Since the solubility of oxygen in water is rather low, the
rate of this process is limited by the transfer of O, to the “water-BOS” interface.

The noted competition of the processes described above can probably explain diversity in effect of
RH change on resistivity of semiconductor films. For example, in the afore-cited work [33] and work [34]
the resistivity increase with RH was observed for MoS; and rGO:MoS; films, respectively. At the same
time, in work [35] an opposite effect (conductivity increase by 6 orders of magnitude upon relative
humidity increase from 10 to 95%) was observed for aerosol-printed MoS; films. It is reasonable to
suppose that at low RH values ionic conductivity is impossible due to the absence of percolation aqueous
solution cluster, and dominating mechanism of water adsorption is associated with electron acceptance
from semiconductor, which gives rise to resistivity increase for n-type material. On the contrary, at rather
high RH values, infinite percolation cluster of H,O molecules is formed on the surface of the plate
crystals inside of the film, which provides ionic conductivity and manifests itself as decrease of the film
resistance.

4. Conclusions

In-plane electron transport properties of the BOS films prepared by the chemical bath deposition on
dielectric glass substrates were studied. It was established that the as-prepared BOS films possess the dark
resistivity of 3-10° Q-cm. Heat treatment of the films at 200 °C in vacuum does not change their phase
composition, but results in slowly (a few month) reversible decrease of the dark resistance by 7 orders of
magnitude. Such behavior is explained by formation of anion vacancies during annealing, which leads to
the increase of donor centers concentration in the films. The capture of oxygen from atmosphere during
subsequent storage leads to an opposite effect. The BOS films have rather low photoconductivity under
visible light illumination (several orders less than for liquid junction), which is due to charge carriers
recombination and scattering at the interfaces between the nanoplates. BOS films demonstrate fast
(several seconds) response to RH change, as well as high sensitivity (increase of current up to three orders
of magnitude at a constant applied voltage when RH increases from 5 to 85%). Low photoconductivity of
BOS films provides an additional selectivity of RH sensing even under illumination.
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