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Abstract—A technique for synthesizing gas-sensing copper-oxide layers by layer-by-layer deposition onto
glass and plastic substrates is considered. Deposition is based on the oxidation of a copper–ammonia com-
plex by hydrogen peroxide. Layers synthesized at various numbers of deposition cycles are studied by atomic-
force microscopy and transmission spectroscopy methods (300–1000 nm). The spectral shape indicates the
mixed nature of the oxide with predominant copper oxide (I) Cu2O with a corresponding band gap of 2.1 eV.
The layers have a continuous granular structure. The surface concentration of Brönsted acid adsorption sites
with pKa ≈ 2.5 (OH acid groups), determined by the indicator method, is 560 μmol/m2 for the initial films,
and threefold increases after heat treatment at 80°C for 30 min. The results obtained are interesting for the
use of the described technology for fabricating copper-oxide active layers in gas-sensing sensors operating at
room temperature.
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1. INTRODUCTION
In the development of sensors for monitoring the

composition of atmospheric air, of great interest are
such materials as metal oxides, in particular, copper
oxides (CuO and Cu2O with band gaps of 1.2 eV and
2.1 eV, respectively) [1]. The advantages of copper
oxides are their low cost and chemical resistance.
Copper-oxide films have proven themselves as sensi-
tive layers of gas sensors, i.e., ammonia NH3 [2],
nitrogen oxide NO2 [3], and hydrogen sulfide H2S [4]
sensors. For the latter gas, this material is also used in
combination with tin oxide [5].

The operation of metal-oxide gas-sensing sensors
is based on a change in the sample resistivity upon
exposure to a detected gas adsorbed on the semicon-
ductor surface. To significantly change the resistivity,
development of the surface of the sensitive layer is
required, i.e., a high specific sample surface area. For
the adsorption of detected molecules, the surface
state, i.e., the number and nature of surface adsorption
sites plays an important role. In the case of gas-sensing
metal-oxide layers, Brönsted acid sites with pKa ≈ 2.5
are of particular importance [6, 7].

Among the various methods for growing thin films,
the ion deposition (ID) method has an important
place, which is known in foreign publications as
SILAR (Successive Ionic Layer Adsorption and Reac-

tion) [8]. The method consists in the successive
adsorption of ions on the substrate surface, e.g., metal
ions A and chalcogen ions B to obtain II–VI and
IV–VI semiconductor compound films. In the case of
the standard ID technique, e.g., for growing metal-
chalcogenide thin films (PbSe, CdTe, ZnS, and oth-
ers), two solutions are used as sources: a salt solution
containing the necessary metal cations (A2+, e.g., for
Cd2+, CdCl2 can be a source), and a salt solution con-
taining chalcogen anions (B2–, e.g., for S2, Na2S is
commonly used as a source). The substrate function-
alized by OH groups is sequentially immersed into
source solutions placed in separate vessels. When the
substrate is immersed into a metal source solution, the
preferential adsorption of metal cations A2+ occurs
due to preliminary functionalization of the substrate
surface (e.g., by OH groups); the cation excess is
removed in the following vessel with solvent (usually,
distilled water). Then the substrate with adsorbed A2+

ions is immersed into a solution with a chalcogen
source whose ions (B2–) chemically interact with the
adsorbed layer, which results in the formation of an
insoluble AB compound layer on the substrate. Excess
B2– anions physically adsorbed on the sample, but not
involved in the chemical interaction, are removed by
subsequent immersion into a vessel with solvent. This
is a procedure corresponding to one cycle, commonly
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performed using an automated electromechanical
setup. To obtain films of specified thickness, the pro-
cedure is repeated the necessary number of times.

The advantages of such a technique are the possi-
bility of growing films under normal conditions (room
temperature and atmospheric pressure) on substrates
of different nature (material, morphology, sizes) with
a high accuracy of synthesized-layer thickness control
and the comparative ease of setting the chemical com-
position of the final film by varying the composition of
the ion source solutions. A distinctive advantage of the
technique for the developing direction of f lexible elec-
tronics is the possibility of growing thin films at com-
paratively low temperatures, which makes it possible
to use a f lexible polymer base, including that of a bent
shape.

However, in comparison with the conventional ID
method considered as applied to MeX metal chalco-
genides [8], in the case of oxide compounds of the
general form MeOx, application of this technique is
complicated. This is due to the presence of oxygen in
the used solvents and in the ambient atmosphere, and
the complicated controlled use of any salt source of
oxygen. Therefore, of interest is the use of complex
compounds decomposing to oxides as a result of a
change in acidity, thermal or chemical exposures, and
others. To obtain metal-oxide powders, true solutions
of metal salts are also used, which form a metal
hydroxide during interaction with alkalis, which then
decomposes upon heating,

However, the necessity of high-temperature annealing
neutralizes in this case such an advantage of the
method as low synthesis temperatures. Furthermore,
as shown in [9], complex compounds, especially the
zinc–ammonia complex, makes it possible to grow
ZnO films with a higher quality, than when using true
solutions (e.g., ZnCl2). The film growth process can
be controlled by such factors as the pH of the medium
[10–12], the reaction temperature [13], the additional
use of other ion sources [14, 15], and thermal anneal-
ing [11].

In this paper, we propose a technique for producing
copper oxides for gas-sensing structures, based on the
fact that, in contrast to the conventional ion deposi-
tion method, instead of a metal source dissociating in
a solution, its complex compound is used, and instead
of a chalcogen source, hydrogen peroxide is used. In
view of the significantly different nature of layer depo-
sition, copper-oxide film growth with a developed
granular surface can be expected in this method. It is
important that a large number of hydroxyl centers of
OH group adsorption are formed on the sample sur-
face, since aqueous solutions of salts are used as ion

→ +2 2Me(OH) MeO H O.

sources in the described method. Thus, the proposed
technique is interesting for producing gas-sensing
structures.

2. EXPERIMENTAL

An automated setup previously described for the
case of ion deposition by the example of cadmium sul-
fide [16, 17] was used to obtain metal-oxide films.

Slide glass and polyester were chosen as substrates.
The substrates were 1 × 2 cm in size and 1 mm and
0.1 mm thick for glass and polyester, respectively. The
substrates were preliminarily cleaned in an ultrasonic
bath sequentially in acetone, isopropyl alcohol, and
distilled water. To produce OH groups, both glass and
plastic substrates were treated in a concentrated alkali
(NaOH) solution, after which they were again rinsed
in distilled water.

The transmission spectra of the prepared samples
were measured using a PE-5400 UV spectrophotome-
ter (190–1000 nm). The sample morphology was
studied with an NT-MDT NTEGRA Therma atomic-
force microscope.

Thin copper-oxide films were synthesized via the
interaction of the copper–ammonia complex and
hydrogen peroxide. Four solutions were used to synthe-
size films: (i) copper–ammonia complex [Cu(NH3)4]2+

solution obtained by mixing aqueous solutions of cop-
per chloride, distilled water, and ammonia:

(1) CuCl2  Cu2+ + 2Cl–,
(2) Cu2+ + 4NH3 → [Cu(NH3)4]2+.
(ii) and (iv) distilled water, (iii) aqueous solution of

hydrogen peroxide H2O2. Distilled water in intermedi-
ate vessels is necessary to both remove complex mole-
cules not adsorbed on the substrate and to lower the
complex solution and hydrogen-peroxide contamina-
tion with each other.

During sequential substrate transfer, i.e., immer-
sion into solutions, (i) complex molecules are
adsorbed on the substrate surface, (ii) excess complex
is removed from the surface by distilled water, (iii) the
adsorbed complex decomposes on the substrate sur-
face by hydrogen peroxide, and (iv) hydrogen-perox-
ide excess is removed.

The film was a uniform yellow color in the first
cycle, this color was further retained, and became
brighter. The procedure was repeated a set number of
times. To reveal the dependence of the number of
deposition cycles on the film thickness, the synthesis
procedure was repeated to perform 2, 5, 10, 15 deposi-
tion cycles. The described experiment was performed
for both substrate types.

To measure the concentration of Brönsted acid
adsorption sites with pKa ≈ 2.5 (OH acid groups) on
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the film surface, the chemical indicator method previ-
ously described in [7, 18] was used. For adsorption
sites with pKa ≈ 2.5, m-nitroaniline [6] is an indicator.
The concentration of surface active sites with this pKa
is determined from photometric data by the expression

where D0 is the optical density of the blank control
sample obtained by adding distilled water to the indi-
cator taken with the volume Vind and concentration
Cind, D1 is the optical density of the indicator solution
with a sample after reaching adsorption–desorption
equilibrium, D2 is the optical density of decanted water
in which the sample was kept for an hour with added
indicator, m1 and m2 are the masses of the sample
under study (the surface concentration was deter-
mined with respect to the substrate area in the case at
hand), for measurements of optical densities D1 and
D2, respectively,.

3. EXPERIMENTAL RESULTS

The thin copper-oxide films grown by the reaction
of decomposition of the ammonia complex by hydro-
gen peroxide had a dense homogeneous structure and
adhered to both the glass and polyester substrates. The
films did not delaminate upon long-term exposure to
ultrasound.

The atomic-force microscopy of the morphology
of the synthesized CuOx film after 15 deposition cycles
is shown in Fig. 1. The films on both substrate types
have the expected granular structure. In the 1 × 1 μm
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micrograph (Fig. 1a), we can see that the height differ-
ence does not exceed 20 nm and 260 nm for the glass
and polyester substrates (Fig. 1b). Since the initial
substrate roughness had close values, we can assume
that there are different film growth mechanisms
resulting in a significant difference in the sample sur-
face roughness. First of all, such deposition depends
on the number of adsorption sites on the substrate sur-
face.

In the case of glass, a higher concentration of OH
groups can be expected after preliminary treatment in
alkali, hence, a less loose structure of the obtained
layer.

The optical spectroscopy results for films on glass
substrates are shown in Fig. 2. The optical film density
increases with the amount of deposited material. In
this case, the curve shape does not change at different
numbers of deposition cycles, hence, the deposition
process in the first stages and further has the same
nature. A similar shape is characteristic of the layers
grown on the plastic substrate.

The optical band gap determined in Tauc coordi-
nates was 2.1 eV which corresponds to the reference
band gaps of copper oxide (I) Cu2O [1]. In all optical
density spectra, we can see an inflection point separat-
ing the spectrum into short-wavelength and long-
wavelength regions. The value obtained by interpola-
tion of the short-wavelength spectral region to the
intersection with the energy axis corresponds to the
indicated energy gap. We can assume that the obtained
oxide is of mixed nature, which is indicated by the
long-wavelength spectral region corresponding to
copper oxide (I) CuO being a narrower-gap material.

Fig. 1. AFM image of the CuOx film topology; the scan size is 1 × 1 μm: (a) on a glass substrate and (b) on a polyester substrate.
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The spectral shape was identical for both substrate
types.

When comparing the optical density spectra, it can
be concluded that film deposition is enhanced with
increasing the number of deposition cycles (Fig. 2).
This can be associated with the necessity of the forma-
tion of a certain “seed” layer for copper-oxide layer
growth, and the fact that copper released during the
reaction is a catalyst of hydrogen-peroxide decompo-
sition.

The nature of the developed surface and the mixed-
oxide type point to the possible existence of a large
number of surface adsorption sites that are of interest
for gas-sensing structures. Therefore, the content of

Brönsted acid sites with pKa ≈ 2.5, i.e., OH acid
groups, was measured, whose number, according to
the results of previous studies [18], can correlate with
the gas sensitivity of oxide sensors on the copper-oxide
sample surface on a glass substrate, depending on the
heat-treatment time at a temperature of 80°C. The
data obtained (Fig. 3) show that the content of surface
sites under consideration increases with the heat-
treatment time; for 30-min heat treatment, this value
approximately threefold increases in comparison with
the initial concentration of 560 μmol/m2. The observed
dependence can be explained by surface peroxide
compound decomposition and activation of the
chemisorption of physically sorbed water molecules
with the formation of additional hydroxyl groups on
the film surface.

4. CONCLUSIONS

The proposed technique of the layer-by-layer oxi-
dation of copper–ammonia complex molecules by
hydrogen peroxide showed the possibility of growing
continuous homogeneous copper-oxide layers with
adhesion to both glass and flexible plastic substrates.
The technique allows the use of automated setups for
ion deposition from solutions (SILAR method).

The study of grown layers by atomic-force micros-
copy methods showed their homogeneous granular
structure. The optical density spectra of the samples
point to the mixed copper-oxide type with predomi-
nant copper oxide (I) Cu2O with a band gap of 2.1 eV.
The surface concentration of Brönsted acid sites with
pKa ≈ 2.5 (OH acid groups), determined by the chem-
ical indicator method, is 560 μmol/m2 for the initial
films and threefold increases after heat treatment at
80°C for 30 min.

The results obtained are interesting for the use of
the described technology for fabricating active cop-
per-oxide layers in gas-sensing sensors operating at
room temperature.
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