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Modification of the surface of polyamide 6 (PA) films by semiconductive and elec-
trically conductive layers of mixed copper selenide–copper sulfide, CuxSe–CuyS, 
was performed using the sorption–diffusion method and the water solutions of po-
tassium selenopentathionate, K2SeS4O6, as the precursor of polymer chalcogeniumi-
zation. Selenopentathionate anions containing divalent selenium and sulfur atoms 
of low oxidation state,–O3S-S-Se-S-SO3

–, are sorbed-diffused into PA films if they are 
treated with selenopentathionate solutions. CuxSe–CuyS layers form on the surface 
of a PA (polyamide 6) film when a chalcogeniumized polymer is treated with a wa-
ter solution of copper(II/I) salt: the anions of selenopentathionate react with copper 
ions. The concentration of sulfur, selenium and copper increases with an increase 
of the concentration and temperature of a precursor solution and the duration of 
PA initial chalcogeniumization. The formed layers were characterized for chemical 
composition, electrical and physical properties. The  percentage amounts of sele-
nium, sulfur and copper in CuxSe–CuyS layers on PA films increase with polymer 
chalcogeniumization time. The X–ray diffraction (XRD) pattern study of CuxSe–
CuyS layers showed that they are polycrystalline in nature. The six phases of copper 
selenides – Cu2Se, CuSe2, CuSe2, Cu3Se2, berzellianite Cu2-xSe and bellidoite Cu2Se, 
also the four phases of copper sulfides – monoclinic djurleite, Cu1.9375Se, cubic di-
genite, Cu1.8S, orthorhombic chalcocite, Cu2S, and orthohrombic anilite, Cu1.75S, have 
been identified. With an increase of the concentration and temperature of the pre-
cursor solution and the duration of PA treatment the highest concentration of con-
ductive copper selenides is reached and the composition of CuxSe phases changes 
in the direction of a decrease of x. XPS results confirmed the formation of copper 
selenides–copper sulfides layers on the surface of PA. The regularities established 
enable formation of CuxSe–CuyS layers of the desirable composition and conduc-
tivity. Studies by the method of atomic force microscopy (AFM) showed that de-
pending on the  conditions (duration of chalcogeniumization, concentration and 
temperature) of the PA initial treatment in the K2SeS4O6 solution (under the same 
“copperizing” conditions), the formation of copper chalcogenide layers proceeds ir-
regularly in the form of islands which grow into larger agglomerates. The surface of 
the layer is uneven, rather rough.
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microscopy, X-ray diffraction, X-ray photoelectron spectroscopy, atomic force mi-
croscopy
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INTRODUCTION

Copper chalcogenides CuxY (Y = S, Se, Te) and thin layers 
of CuxY, owing to their variations in stoichiometric compo-
sition, nanocrystal morphology, complex structure, valence 
states and other unique properties, have potential applica-
tions in numerous fields  [1–7]: they are semiconductors 
with thermoelectric properties, ionic conductivity and 
therefore found applications in various devices, for exam-
ple, as solar cells, optical data storage  [8–10], super ionic 
conductors, photo-detectors, photothermal converters, 
electroconductive electrodes, microwave shielding coating, 
gas sensors, etc. [11–27].

The methods of vacuum evaporation, activated reac-
tive evaporation, spray pyrolysis, electroless deposition, 
successive ionic layer adsorption and reaction (SILAR), 
and chemical bath deposition [28–36] have been used for 
the formation of copper chalcogenides layers on various di-
electrics as well as on polymers.

Over the  last decade, a  sorption–diffusion method for 
the formation of copper chalcogenide layers on the surface 
of polyamide based on the  initial treatment of a  polymer 
with the  solutions containing anions of polythionic com-
pounds has been under extensive investigation in our 
laboratory [22–23, 26–27, 30, 37–82]. The polythionic com-
pound anions, containing chains of divalent chalcogens 
atoms of a low oxidation state [78–79, 83] (the polythion-
ates, –O3S–Sx–SO3

–, selenopolythionates, –O3S-SeSx-SO3
–, 

among them  –  selenopentathionate, –O3S-S-Se-S-SO3
–), 

are sorbed by a polymer. After chalcogeniumized PA being 
treated with a  solution of copper(II/I) salt, layers of vari-
ous copper chalcogenides, for example, sulfides, CuxS  [22, 
38, 42–59], selenides, CuxSe  [23, 60–64], mixed copper 
selenide–copper sulfide, CuxSe–CuyS  [26, 65–68, 70–71, 
74–77, 80], or mixed copper selenide–copper telluride, 
CuxSe–CuyTe  [27, 69, 72–73], on the  surface of a  polymer 
were formed.

The aim of the present work was to summarize and to 
discuss the  results obtained by us studying the  formation 
and characterization of mixed copper selenide–copper sul-
fide layers on PA films by the  sorption–diffusion method, 
since mainly only separate fragments of these studies in 
our previous publications have been described [26, 65–68, 
70–71, 74–77, 80].

EXPERIMENTAL

The modification of a  PA film by the  formation of mixed 
copper chalcogenides layers on its surface was performed 
in two stages. In the first stage, the PA film was treated in 
solutions of potassium selenopentathionate. In the second 
stage, the  chalcogeniumized PA films were treated with 
a  water solution of copper salt: the  interaction of copper 
ions with the sulfur and selenium atoms of a low oxidation 
state present in the sorbed selenopentathionate ions leads 

to the  formation of mixed copper chalcogenides layers of 
various chemical, phase composition and electrical con-
ductance.

The layers of copper chalcogenides were deposited on 
the PA film (specification TY 6-05-1775-76) of 70 μm thick-
ness produced in Russia. The  samples of 15  ×  70  mm in 
size were used. Before the chalcogeniumization, they were 
boiled in distilled water for 2  h to remove the  remainder 
of the  monomer. Then they were dried using filter paper 
and then over CaCl2 for 24  h. Distilled water, reagents of 
the grades “especially pure”, “chemically pure” and “analyti-
cally pure” were used in the experiments.

The samples of the  PA film were chalcogenized in 
0.025, 0.05, 0.1 and 0.2  mol/dm3 solutions of K2SeS4O6 in 
0.1 mol/dm3 HCl (pH ~ 1.5) at 30 and 50°C. For the forma-
tion of mixed CuxSe–CuyS layers the samples of chalcoge-
niumized PA were treated with a  Cu(II/I) salt solution at 
78°C. The Cu(II/I) salt solution was made from crystalline 
CuSO4 · 5H2O and a reducing agent hydroquinone 84, 85]. It 
is a mixture of univalent and divalent copper salts, in which 
there are 0.34 mol/dm3 of Cu(II) salt and 0.06 mol/dm3 of 
Cu(I) salt [85]. After having been kept in the K2SeS4O6 solu-
tion, the sample was treated with a Cu(II/I) solution, then 
rinsed with distilled water, dried over CaCl2 and used in 
consequent experiments.

The salt of potassium selenopentathionate, K2SeS4O6  · 
1.5H2O, was prepared and analysed according to published 
procedures [86]. It was stored in darkness at the tempera-
ture of – 5°C (in a freezer).

The concentrations of selenium and copper in the modi-
fied PA film samples were determined using an atomic ab-
sorption spectrometer Perkin–Elmer 503 (λ = 196 nm for 
selenium and λ = 324.8 nm for copper) [87].

Before the  analysis, samples of PA strips containing 
CuxSe–CuyS layers had to be mineralized. The samples were 
treated with concentrated HNO3 to destroy PA and to oxi-
dize selenium and sulfur compounds to selenite and sul-
fate. Heating with concentrated hydrochloric acid removed 
the excess of nitric acid. The sulfur compounds in PA strips 
in the  form of sulfate were determined turbidimetrical-
ly [88].

The phase composition of copper chalcogenide layers 
on the  surface of PA was investigated by means of X-ray 
diffraction with a  DRON-6 diffractometer provided with 
a  special device for beam limitation at low and medium 
diffraction angles using graphite-monochromatized Cu-Kα 
radiation source (λ = 1.54178 Å) under a voltage of 30 kV 
and a current of 30 mA. The XRD patterns were recorded 
with a step size of 0.05° from 2θ = 30° to 70°. X-ray diffrac-
tograms of the PA samples with the layers of copper chal-
cogenides were treated using the program Search Match to 
eliminate the maxima of PA.

Microscopic studies of the  CuxSe–CuyS layers 
were performed using scaning electronic microscope 
JEOL SM-IC25S.
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The UV, VIS (200–450 nm) and IR (400–1400 cm–1) spec-
tra were obtained by spectrometers SpectronicR GenesysTM 
and Perkin-Elmer GX system FT-IR.

The XPS technique was used to determine the  chemi-
cal composition of the layers. XPS measurements were per-
formed by a Kratos Analytical AMICUS/ESCA 3400 analyser 
(Mg Kα radiation, 240 W). Scan photoelectron spectra were 
recorded for Cu  2p, S  2p, Se 3d and O  1s. The  photoelec-
tron peaks were calibrated against the carbon line C 1s with 
a binding energy equal to 285 eV. Empirical sensitivity fac-
tors for these elements were taken from the literature [89] 
and the spectra obtained were compared with the standard 
ones [90].

The electrical sheet resistance at a  constant current of 
CuxSe–CuyS layers was measured using a  4–point probe 
technique.

The morphology of the  surface of CuxSe–CuyS layers, 
the  quantitative microscopy of the  roughness of layers 
formed on the PA surface were studied with a NT-206 atom-
ic force microscope, in the contact regime with high resolu-
tion probes with the force constant k = 3 N/m. The charac-
teristics of the atomic force microscope are the  following: 
the maximum scan field area 10 × 10 to 30 × 30 microns, 
the measurement matrix up to 512 × 512 points and more, 
the maximum range of measured heights 4 microns, vertical 
resolution 0.1–0.2 nm. The AFM cantilever was produced by 
Silicon-MDT in cooperation with MikroMasch (Estonia): 
NONCONTACT silicon cantilever NSC11/15 type; charac-
teristics of the  cantilever: the  radius of the  curvature less 
than 10 nm; the tip height 15–20 μm, the full tip cone angle 
less than 20°. Lateral force microscopy studies are useful for 
imaging variations in surface friction that can arise from in- 
homogeneities in the surface material, and also for obtain-
ing edge-enhanced images. The data of measurements were 
analysed using the Surface View 2.0 program.

REsULTs AND DIsCUssION

The preparation of semiconducting and conductive 
layers of copper selenides–copper sulfides, 
Cuxse–Cuys, by sorption–diffusion on the surface of PA
For investigation of selenium and sulfur containing parti-
cles sorption on and diffusion into PA from potassium sele-
nopentathionate solutions it was indispensable to ascertain 
in what form (as elemental selenium, sulfur, its radicals or 
selenopentathionate ions, SeS4O6

2–) selenium and sulfur ad-
sorb PA.

Our investigations showed that the  semi-hydrophilic 
PA adsorbs selenopentathionate ions from these solu-
tions. The sorption of selenopentathionate ions by PA has 
been studied by IR and UV absorption spectroscopies [77]. 
The peaks in the IR spectra were found in the intervals 449–
460, 534–535, 608, 1017 and 1223–1226 cm–1 and have been 
assigned to the ν(S–S), δas(O–S–O), δs(O–S–O), νs(S–O) and 

νas(S–O), respectively. The data confirmed that the  ions of 
selenopentathionate are sorbed into PA, because of simi-
larity of the peaks of the  former with the peaks in the  IR 
spectra of K2SeS4O6, respectively, at 421–452, 536, 618–637, 
1027–1036, 1226 cm–1.

The three absorption maxima were observed in the UV 
absorption spectra: at 240–250 nm, at 280 nm and at 280–
320 nm as a clear shoulder. The UV absorption spectra of 
chalcogeniumized PA are analogous to the  UV spectrum 
of K2SeS4O6 solution but all peaks in the chalcogeniumized 
polymer spectra are moved towards lower frequencies be-
cause of sorbed selenopentathionate bonds with the chelat-
ing groups of a  polymer. Thus, the  UV and IR absorption 
spectra confirmed that sulfur and selenium were sorbed 
into PA in the form of selenopentathionate ions.

The chemical analysis of the  chalcogeniumized PA 
samples showed that the concentration of sulfur and sele-
nium sorbed on and diffused into the polymer depends on 
the concentration and the temperature of the solution, and 
the period of the polymer treatment (Fig. 1, Curves 1 and 2, 
and Fig. 2, Curves 1–3).

With an increase in these parameters, the concentration 
of sulfur and selenium in the PA samples increases as well. 

Fig. 1. Kinetics of sulfur (Curves 2 and 4) and selenium (Curves 1 and 3) sorption 
on PA at 50°C at different concentrations of precursor K2SeS4O6 in 0.1 mol/dm3 
HCl: 1 and 2 – 0.025 mol/dm3; 3 and 4 – 0.2 mol/dm3
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Fig. 2. Kinetics of sulfur (Curves 2 and 4) and selenium (Curves 1 and 3) sorption 
on PA treated with 0.05 mol/dm3 solution of K2SeS4O6 in 0.1 mol/dm3 HCl at differ-
ent temperatures °C: 1 and 2 – 30; 3 and 4 – 50
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The  maximal saturation of polymer with sulfur and sele-
nium containing particles was reached in the  PA samples 
seleniumized with a  solution of higher concentration and 
temperature.

The CuxSe–CuyS layers formed on the surface of PA sam-
ples when the chalcogeniumized PA samples were treated 
with the  Cu(I/II) salt solution because of the  heterogene-
ous redox reactions of selenopentathionate anions with 
Cu(I/II) solutions. Their colour of PA tapes became brown 
or even black, semiconductive or electrically conductive. 
The concentration of copper in the layer is strongly depend-
ent on the concentrations of sulfur and selenium in PA, i.e. 
the  concentration of copper increases with an  increase of 
the  sulfur and selenium concentrations in PA (Fig. 3). PA 
treated longer with K2SeS4O6 requires more copper for 
the formation of a solid copper chalcogenide layer. A con-
tinuous chalcogenide layer decelerates a further increase of 
the copper concentration in the polymer. The concentration 
of copper in the  chalcogenide layer on PA chalcogeniu-
mized in selenopentathionate solutions changes uniformly 
only until the saturation has been reached (Fig. 3).

The tendency of an  electrical resistance decrease with 
an increase of the concentration of the precursor solution was 
observed. A direct dependence of the resistance of a chalco-
genide layer on the concentration of copper in the layer was 
observed not in all cases, since copper chalcogenides of vari-
ous stoichiometry and electrical conductivity and in differ-
ent amounts may be formed. The increased number of phases 
and the intensity of its maxima reflect the increased concen-
tration of copper sulfides and copper selenides on the surface 
of PA. The decrease of electrical resistance of these layers may 
be explained not only by the increase of copper chalcogenide 
phases concentration, but also by its qualitative changes, 
since it was known [32] that the electrical resistance of CuyS 
reduces by one million times while the value of y is reduced 
from 2 to 1. Because selenides are very close to sulfides 
the same standing rules apply to CuxSe.

Ta b l e .  Dependence of the electrical sheet resistance of copper chalco-
genides layers on PA on the initial concentration of K

2
SeS

4
O

6
 solution and 

the duration of chalcogeniumization at 50°C

Duration, 
h

Electrical sheet resistance, Ω/⎕

The initial concentration of K2SeS4O6, 
mol/dm3 in 0.1 mol/dm3 HCl

0.025 0.05 0.05* 0.1 0.2

0.5 178.0 88.0 145.8 48.6 60.0

1.0 99.7 70.4 84.5 71.0 32.7

1.5 72.0 63.8 54.3 48.0 19.8

2.0 68.7 61.7 44.2 52.5 14.4

2.5 61.5 51.8 47.9 47.0 13.6

3.5 53.6 42.9 42.8 32.5 12.3

4.5 18.8 60.5 42.7 20.8 13.0
* The temperature 30°C.

The X-ray diffraction patterns of the CuxSe–CuyS films on 
the PA surface confirmed that peaks of various copper chal-
cogenide phases exist together in the layers.

XRD characterization
The phase composition of copper chalcogenides could be 
qualitatively and semi-quantitatively characterized by 
the X-ray diffraction. This method was successfully used in 
the number of cases to characterize the phase composition 
of copper chalcogenide layers in the surface of this polymer 
earlier [66, 68, 76–77]. Structural studies of the CuxSe–CuyS 
layers were limited by the  existence of copper chalcoge-
nides phases with various compositions and structures, and 
by the crystallinity of the PA film itself. The  intensities of 
its maximum at 2θ  <  25° exceeds the  intensity of copper 
selenide at the maximum few times. Therefore the area of 
2θ ≥ 25° was investigated in more detail.

The data received showed that the  CuxSe–CuyS layers 
formed indeed included several phases, and the  composi-
tion varied with PA films chalcogeniumization conditions 
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Fig. 3. Kinetics of the concentration of copper in the layer of copper chalcoge-
nides on PA vs the time of initial PA treatment with K2SeS4O6 solutions in 0.1 mol/
dm3 HCl at different temperatures: 1 – 0.025 mol/dm3 at 50°C; 2 – 0.05 mol/dm3 
at 50°C; 3 – 0.2 mol/dm3 at 50°C; 4 – 0.05 mol/dm3 at 30°C

It was concluded that the concentration of copper is de-
pendent on the conditions of the initial phase − on the con-
centration and temperature of precursor solution, and 
the duration of treatment.

The microscopic analysis of the  PA surface,  modified 
with copper chalcogenides, showed an  irregular formation 
of CuxSe–CuyS layers: they form islands. This unevenness in-
creases the probability of the layer interactions with the im-
purities and cause some difficulties to the  measurement of 
the  surface electrical resistance. A  detailed study of the  re-
sistance of PA modified with CuxSe–CuyS layers was compli-
cated, therefore we were satisfied to measure the  electrical 
resistance of the chalcogenide surface outer layer only.

Under the  conditions of experiments it was possi-
ble to form the  layers of copper selenides–copper sulfides 
with the  electrical sheet resistance varying from less than 
~200 Ω/⎕ to even ~10 Ω/⎕ (Table).
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and duration. All the  peaks obtained are well matched 
with the Joint Committee on Powder Diffraction Standards 
(JCPDS). The XRD spectra of PA chalcogeniumized at dif-
ferent temperatures in the  K2SeS4O6 solutions of different 
concen tration and different period of time showed peaks 
of various copper chalcogenide phases existing together in 
the film (Figs. 4, 5).

With the  increase of the  concentration of precursor’s 
solution the  concentration of better conductive phases of 
Cu1.9375S, Cu1.8S and of Cu2Se increases and the phases of ani-
lite, Cu1.75S, and klockmannite, CuSe, disappear, but the new 
phases of orthorhombic copper selenides, CuSe2 (maxima 
at 2θ  =  31.4°) and Cu2Sex (maxima at 2θ  =  39.1°), appear 
(Fig. 4, Curve 3).

The phase composition of CuxSe–CuyS layers with the in-
crease of the duration of PA chalcogeniumization at the same 
temperature and concentration, remains almost unchanged 
but the concentration of less conductive chalcocite decreases 
and the concentration of electrically conductive copper sul-
phides and selenides increases (Fig. 5).

For example, only one new phase of orthorhombic klock-
mannite, CuSe, appears after 60  min (Fig.  5, Curve  2) and 
the  less conductive phase of chalcocite, Cu2S, dissapears 
(Fig. 5, Curve 4).

It was concluded that the  increase of the  concentration 
and temperature of precursor’s solution and the duration of 

Fig. 5. X-ray diffraction patterns of the  layers of chalcogenides on PA (peaks: 
Cu2S – C, Cu1.9375S – J, Cu1.8S – D, Cu1.75S – A, Cu2Se – B, Cu3Se2 – U, CuSe – K) 
treated first with 0.05  mol/dm3 K2SeS4O6 solution in 0.1  mol/dm3 HCl at 50°C 
for different time and then with Cu(II/I) salt solution. The treatment time, min: 
1 – 10; 2 – 60; 3 – 150; 4 – 270

Fig. 4. X-ray diffraction patterns of the layers of chalcogenides on PA (peak of 
Cu2S – C, Cu1.9375S – J, Cu1.8S – D, Cu1.75S – A, Cu2Se – B, Cu3Se2 – U, CuSe – K, 
CuSe2  –  L, Cu2Sex  –  X) chalcogeniumized for 270  min at different tempera-
ture and then treated with Cu(II/I) salt solution: 1  –  0.05  mol/dm3 at 30°C; 
2 – 0.05 mol/dm3 at 50°C; 3 – 0.2 mol/dm3 at 50°C
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On the surface of PA chalcogeniumized at higher tempera-
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Fig. 6. XPS of the chalcogenide layers on PA treated first with 0.05 mol/dm3 K2SeS4O6 solution in 0.1 mol/dm3 HCl and then with Cu(II/I) salt solution at 50°C

PA treatment the  highest concentration of conductive cop-
per selenides are reached and the composition of CuyS phases 
changes in the direction of a decrease of y.

XPs characterization
XPS data (Fig.  6) showed a  rather similar composition of 
CuxSe–CuyS layers formed in different experimental condi-
tions. The presence of oxygen has been detected as the largest 
part (49–61 at.%) on the surface of all PA samples formed in 
ambient air. Therefore, the layers of chalcogenide on the sur-
face of PA are distributed in the  form of islands, that enable 
easy contacts of the atmospheric oxygen with ions of copper 
and chalcogens. The amount of oxygen significantly reduced 
(1–9  at.%) when the  surface of the  chalcogenide layer was 
etched by the Ar+ ions.

That proves that oxygen is present on the  surface of 
the chalcogenide layer only. The amount of O in the deeper lay-
ers is very small and its presence should not have any influence 
on the  chemical composition of the  layer and its properties. 
The oxygen in a deeper layer is undoubtly bound into the ox-
ides Cu2O and CuO. The presence of water connected by physi-
cal and chemical adsorption is also possible. For example, oxy-
gen takes 56.89 at.% on the surface of PA chalcogeniumized in 
0.05 mol/dm3 K2SeS4O6 solution during 10 min at 50°C.

A part of oxygen should be joined into the copper oxide, 
Cu2O (bond energy Eb = 530.1 and 531.5 eV in the spectra of 

O 1s), and the value of Eb = 533.5 eV indicates the presence 
of the HO– group. This group coud be from Cu(OH)2, which 
probably forms by washing the chalcogenide layer with water. 
The presence of Cu(I) and Cu(II) sulfides in the surface of chal-
cogenide layers is indicated by Eb = 161.3 eV in the spectra of 
S 2p. The values of Eb = 53.8, 54.2, 55.3 eV in the spectra of 
Se 3d indicate the presence of elemental selenium. The spectra 
of Cu 2p confirmed the presence of the copper sulfides men-
tioned above and Cu2O (Eb = 932.1 eV), and Cu(II) oxide, CuO 
(Eb = 933.9 eV).

The chemical composition of CuxSe–CuyS layers on the sur-
face of PA initially chalcogeniumized for 1–4.5 h was similar 
to the same of layers formed with a shorter chalcogeniumiza-
tion stage. The traces of elemental selenium were found in all 
samples studied since the solution of the precursor gradually 
decomposes with time.

When the  chalcogenide layer was etched with Ar+ ions, 
changes in the chemical composition and in the amounts of 
elements were detected. The  amount of oxygen reduced by 
6 times (to 9.38 at.%), but the amount of Cu, S and Se increased 
significantly. S  2p spectra indicated the  formation of copper 
sulfides in the  layer: the bond energy Eb = 161.5 eV showed 
the formation of Cu2S, and Eb = 162.5 eV, respectively, CuS. 
The bond energy Er = 932.2 eV in the spectra of Cu 2p con-
firmed the presence of copper sulfides and of Cu(I) oxide, 
Cu2O, in the chalcogenide layer.

Zoomed in region
Zoomed in region
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The morphology of Cuxse–Cuys layers formed on 
the surface of PA
To characterize the morphology and to estimate the rough-
ness of CuxSe–CuyS layers, the method of atomic force mi-
croscopy was applied.

The morphological study of PA modified with CuxSe–CuyS 
layers by atomic force microscopy revealed the coatings to 
be essentially different. Fields of 12 × 12 microns were in-
vestigated; for the quantitative estimation of the surface, the 
standard programs of the view treatment were used.

A view of the initial PA surface is presented in Fig. 7.
Views of the CuxSe–CuyS layer surface obtained by AFM 

are shown in Figs. 8–11 and 14–15. The maximum height 
reaches ~67 nm, the average height (Hmean) ~28 nm; the 
root-mean square roughness is Rq 4.6 nm; the  skewness 
is ~0.8.

It was determined that the height and surface morphol-
ogy of the  chalcogenide layers formed on PA depend on 
the conditions of polymer chalcogeniumization.

The profile sections of CuxSe–CuyS coatings, presented 
below, allowed to estimate quantitatively the height and dia-

meter of separate crystallites (Fig. 8, 11); the crystallinity of 
CuxSe–CuyS layers was shown by X-ray diffraction [77].

When the polymer was chalcogenized at 30 °C, the height 
of the crystallites reached 478 nm (diameter ~0.1–2.0 μm) 
(Figs. 8, 9), the mean height being ~192 nm (Fig. 12).

On prolonging chalcogeniumization to 60 min, the height 
of crystallites changed insignificantly, decreased to 441  nm, 
and the  diameter changed not much too and was equal to 
~0.3–1.5  μm. The  mean height of crystallites increased to 
~217  nm, but after 270  min of chalcogenization the  height 
of crystallites decreased to 338 nm (Fig. 11) (diameter ~0.3–
2.1  μm), the  Hmean of crystallites decreased ~1.4 times and 
equalled ~152 nm (Fig. 12).

Under a short duration of polymer treatment in the K2SeS4O6 
solution (10 min), the  growth of the  chalcogenide layer be-
gins from the formation of separate small islands (Fig. 9). On 
prolonging chalcogenization to 60 min, the growth of the chal-
cogenide layer proceeds more intensively, and upon prolong-
ing the duration of chalcogeniumization to 270 min, clusteriza-
tion begins; as a result, the crystallites of various diameter and 
height begin slowly joining into agglomerates (Fig. 11).

Fig. 8. A view of the topographic image and the line profile of the chalcogenide layer formed on the PA surface. PA was chalcogeniumized for 
10 min at 30 °C in 0.05 mol/dm3 K2SeS4O6 solution and then treated with Cu(II/I) salts solution

Fig. 7. An atomic force microscopy view of the initial (not chalcogeniumized) PA surface: a 2D view of lateral forces micros-
copy (a) and a 3D topography view (b). Scan field area 12 × 12 microns. The interval of unevenness height up to 67.4 nm
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Absolute values : (a) → x = 6957.0 nm; z(1) = 115.7 nm; (b) → x = 9054.8 nm; z(1) = 57.7 nm;
Difference between markers: dx = 2097.8 nm; dz(1) = 58.1 nm;
Hmean = 192.34 nm; Ra = 39.97;  Rq = 50.52; Rsk = 0.06.
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One can see a  slight reduction of the  mean layer rough-
ness: from ~51 nm at the duration of chalcogeniumization of 
10 min, to ~56 nm at the duration of 60 min and to ~36 nm at 
the duration of 270 min (Fig. 12). This means that the crystal-
lites joining into agglomerates cover the surface more evenly, 
and the layer becomes more homogeneous.

Studying the  formation of CuxSe–CuyS layers on the PA 
surface, a  chalcogenide layer was formed by changing 
the temperature also, i.e. PA was chalcogeniumized for 20, 60 
and 270 min in the 0.05 mol/dm3 K2SeS4O6 solution at a tem-
perature of 50°C and then treated with Cu(II/I) salt solution. 
The  cross sections of these layers showed a  rather uneven 
surface of the layers, the crystallites formed were of various 
height, diameter and shape.

When the  polymer had been chalcogeniumized for 20–
60  min at a  temperature of 50°C, the  maximum height of 
the  layer decreased from 478–441  nm (chalcogeniumization 
duration 10 and 60 min at a temperature of 30°C) to ~348 nm, 
but the mean height of the layer decreased from ~192–217 nm 
to ~107–129  nm. On prolonging chalcogeniumization to 

270 min and at the same conditions of “copperizing”, the Hmean 
of crystallites increased from ~152 nm (at 30°C) to ~296 nm 
(at 50°C, Fig. 13). The same tendency was observed in a change 
of the  CuxSe–CuyS layer roughness increasing the  chalcoge-
niumization temperature from 30 to 50°C: it increased from 
~36 nm to ~83 nm (Fig. 13).

Thus, with increasing the  chalcogeniumization tem-
perature from 30 to 50°C depending on time, the height and 
roughness of crystallites change. The reason may be the dif-
ferences in the phase composition of CuxSe–CuyS layers ob-
tained at a different temperature: that was shown in the pre-
vious study  [77] on the  X-ray diffraction investigation of 
CuxSe–CuyS layers formed on the PA film surface.

Copper chalcogenide layers were formed using PA chal-
cogeniumization in 0.2 mol/dm3 K2SeS4O6 solution for 20, 60 
and 270 min at a temperature of 50°C. The views of the layers 
formed are shown in Figs. 14 and 15.

On increasing the  duration of PA chalcogeniumization 
from 60 to 270 min, the number of islands increased, some of 
them joined into large agglomerates formed of crystallites of 

Fig. 10. A view of the topographic image and the line profile of the chalcogenide layer formed on the PA surface. PA was chalcogeniumized for 
270 min at 30°C in 0.05 mol/dm3 K2SeS4O6 solution and then treated with Cu(II/I) salts solution

Fig. 9. An atomic force microscopy view of the CuxSe–CuyS layers formed on the PA surface: a 2D view of lateral forces 
microscopy (a) and a 3D topography view (b). PA was chalcogenumized for 10 min at 30°C in 0.05 mol/dm3 K2SeS4O6 
solution and then treated with Cu(II/I) salts solution
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different diameter; the maximum height of the layer increas-
ing the chalcogeniumization duration increased from ~1000 to 
~1300 nm and the roughness of the layer increased from ~99 
to ~112 nm (Figs. 14, 15).

Fig. 12. Dependence of the layer mean square roughness and the mean height 
on the duration of PA treatment in 0.05 mol/dm3 K2SeS4O6 solution at a tempera-
ture of 30°C

Fig. 13. Dependence of the  CuxSe–CuyS layer mean height (Hmean) and 
the  root mean square roughness (Rq) on the  temperature of 0.05  mol/dm3 

K2SeS4O6 solution while treating PA during 270 min

Comparing the  results of the  CuxSe–CuyS layers mor-
phological characteristics (Fig. 16), received using 0.05 and 
0.2 mol/dm3 K2SeS4O6 solutions at a temperature of 50°C (du-
ration of chalcogeniumization 60 min), it was concluded that 

Fig. 11. An atomic force microscopy view of the CuxSe–CuyS layers formed on the PA surface: a 2D view of lateral 
forces microscopy (a) and a 3D topography view (b). PA was chalcogeniumized for 270 min at 30°C in 0.05 mol/dm3 

K2SeS4O6 solution and then treated with Cu(II/I) salts solution
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Fig. 14. An atomic force microscopy view of the CuxSe–CuyS layers formed on the PA surface: a 2D view of lateral 
forces microscopy (a) and a 3D topography view (b). PA was chalcogenized for 60 min at 50°C in 0.2 mol/dm3 K2SeS4O6 
solution and then treated with Cu(II/I) salts solution
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the copper chalcogenide layer mean height (from ~107 to 
~1000 nm) and the root mean square roughness (from ~31 
to ~99 nm) increased with an increase of the chalcogeniu-
mization solution concentration.

But as it is seen in Figs. 14 and 15, separate islands join 
into large agglomerates and almost evenly cover the surface 
of polyamide (Fig. 15).

Thus, the  AFM results indicate that depending on 
the  conditions (duration of chalcogeniumization, concen-
tration and temperature) of PA initial chalcogeniumiza-
tion in the K2SeS4O6 solution (under the same “copperizing” 
conditions), the  formation of copper chalcogenide layers 
proceeds irregularly in the  form of islands which grow 
into larger agglomerates. The surface of the layer is uneven, 
rather rough.

The results presented above showed that when for a poly-
amide chalcogeniumization 0.05–0.2  mol/dm3 K2SeS4O6 
solutions were used, the highest concentration of conduc-
tive copper selenides and copper sulfides was reached in 
the  case of 0.2  mol/dm3 solution of K2SeS4O6. As a  result, 

very low values of the  electrical sheet resistance (up to 
~12 Ω/□) of chalcogenide layers on PA were formed (The 
concept of sheet resistance is used to characterize thin 
deposited layers. Sheet resistance is specified by the  unit 
“ohms per square”, Ω/□, ohms/square). This data of earlier 
studies are in agreement with the results of the morphology 
study, presented here: the  separate crystallites, increasing 
the duration of PA chalcogeniumization, join into larger ag-
glomerates, which more evenly cover the surface of polyam-
ide; when the CuxSe–CuyS layer becomes homogeneous, its 
electrical resistance reaches the lowest values.
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Vitalijus Janickis, Neringa Petrašauskienė

POLIAMIDO PLĖVELIŲ MODIFIKAVIMAs 
PUsLAIDŽIAIs IR LAIDŽIAIs VARIO sELENIDŲ-
VARIO sULFIDŲ sLUOKsNIAIs

S a n t r a u k a
Poliamido 6 (PA) plėvelių paviršiaus modifikavimas puslaidžiais 
ir laidžiais mišriųjų vario selenidų-vario sulfidų CuxSe-CuyS 
sluoksniais atliktas mūsų ištobulintu sorbciniu-difuziniu metodu 
ir vandeniniais kalio selenopentationato K2SeS4O6 tirpalais, kaip 
polimero chalkogeninimo pirmtakais. Selenopentationato ani-
jonai –O3S-S-Se-S-SO3

–, turintys dvivalenčius, žemo oksidacijos 
laipsnio seleno ir sieros atomus, sorbuoja-difunduoja į PA plėve-
les, jei jos apdorojamos selenopentationato tirpalais. CuxSe–CuyS 
sluoksniai PA plėvelių paviršiuje susidaro tada, kai chalkogenin-
tas polimeras apdorojamas vandeniniu vario(II/I) druskų tirpalu: 
selenopentationato anijonai reaguoja su vario jonais. Sieros, sele-
no ir vario koncentracijos chalkogenidų sluoksniuose auga didė-
jant pradinio PA chalkogeninimo pirmtako tirpalo koncentraci-
jai, temperatūrai ir chalkogeninimo trukmei. Susidarę sluoksniai 
charakterizuoti chemine sudėtimi, elektrinėmis ir fizinėmis sa-
vybėmis. Kiekybiniai seleno, sieros ir vario kiekiai CuxSe–CuyS 
sluoksniuose PA plėvelių paviršiuje didėja ilgėjant polimero 
chalkogeninimo trukmei. Rentgeno struktūriniai CuxSe–CuyS 
sluoksnių tyrimai parodė, kad jie yra polikristaliniai. Identifi-
kuotos šešios vario selenidų Cu2Se, CuSe2, CuSe2, Cu3Se2 ir ber-
zelianito Cu2-xSe bei bellidoito Cu2Se, taip pat keturios vario sul-
fidų – monoklininio djurleito Cu1,9375Se, kubinio digenito Cu1,8S, 
ortorombinio chalkocito Cu2S ir ortorombinio anilito Cu1,75S 
fazės.

Didėjant pirmtako tirpalo koncentracijai, temperatūrai ir PA 
apdorojimo trukmei, pasiekiama didžiausia laidžių elektrai vario 
selenidų koncentracija, o CuxS fazių sudėtis kinta x vertės mažė-
jimo kryptimi. Tyrimų rentgeno difrakcinės spektrinės analizės 
metodu gauti rezultatai patvirtino vario selenidų-vario sulfidų 
sluoksnių PA paviršiuje susidarymą. Nustatyti dėsningumai įga-
lina norimos sudėties ir laidžio elektrai CuxSe–CuyS sluoksnių 
susidarymą. Tyrimai atominių jėgų mikroskopijos metodu paro-
dė, kad priklausomai nuo PA pradinio halkogeninimo K2SeS4O6 

tirpale sąlygų (trukmės, koncentracijos ir temperatūros), esant 
toms pačioms „variavimo“ sąlygoms, chalkogenidų sluoksnių 
susidarymas vyksta netolygiai salelių pavidalu, kurios auga į di-
desnius aglomeratus. Sluoksnio paviršius yra netolygus ir gana 
šiurkštus.
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