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The influence of the combined additive KMnO, and NH,l
on the photosensitive properties of PbS films
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PbS, PbS(KMnOjs), PbS(NH4I), PbS(KMnO4,NH4I) films with good adhesion to a glass substrate with

a thickness of 250 to 490nm were obtained by chemical deposition.

Their composition, morphology, and

photosensitive properties have been studied. Comprehensive studies using Raman, IR, and Auger spectroscopy
established the presence on the surface of the films of a number of impurity oxygen-containing phases (PbO, PbCOs,
PbSO4) and cyanamide PbCN,. A synergistic effect of increasing the photoresponse of PbS films synthesized in
the presence of a combination of KMnO4 and NHyl additives was revealed, which is due to the formation of an
optically active phase of diiodine pentoxide I,Os on the crystallite surface. Elemental analysis during layer-by-layer
ion etching suggested the formation and incorporation of PbSO4, PbCOs3, and PbCNj into the PbS(KMnO4, NH4I)

film, and PbCNj into the PbS(KMnOy) film.
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Introduction

Due to its unique combination of electrophysical and
photovoltaic characteristics the narrow-gap thin-film lead
sulfide PbS (041eV at 300K) is successfully used in
various practical applications including creation of pho-
todetectors and photodetector devices with limit threshold
characteristics (operating at a room temperature, which is
especially important [1-4]), generation of heterostructures
for solar cells [5,6], sensors for determination of toxic
compounds in the air medium and heavy metals in the
water medium [7-9], quantum dots [10]. The successful
use of these devices depends on a method of synthesis of
lead sulfide with improved functional properties.

The thin-film PbS layers are traditionally produced by
using both physical and chemical methods. It is often
preferred to select chemical deposition from aqueous so-
lutions in the variety of the methods of synthesis of this
compound [3,6-8,10,11-16], characterized by simplicity of
technological design, high productivity, cost effectiveness,
applicability of the films onto metal, semiconductor and
dielectric substrates of any form and sizes. Moreover, many
researchers believe [17-19] that the chemically deposited
lead sulfide films are ones of the most photosensitive
materials used in the visible and near infrared (IR) ranges
of the spectrum. However, irrelevant of the method of
producing the PbS films with the controllable photovoltaic
characteristics, it is important to modify a morphology
and structure thereof by annealing in an oxygen-containing
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medium at 250—550°C [15,18,20,21] in order to saturate
intergranular boundaries with oxygen. A degree of this
saturation is quite high. In particular, the known theoretical
models [22] assume that oxygen therein is distributed along
interphase grain boundaries across the entire depth of the
layer contributing to provision of the photoresponse. The
authors believe [21] that during annealing oxygen adsorbed
on microdefects of the crystallites is absorbed by the lead
sulfide grains to form the oxygen-containing phases PbO,
PbSO4, PbO-PbSO4, PbSO;3. These compounds and the
adsorbed oxygen create acceptor levels, which are ,traps®
for the electrons, thereby optimizing the concentration of
majority carriers, thereby resulting in the increase in the
photosensitivity of the layers under discussion.

The overwhelming majority of the publications dedicated
to the synthesis of the PbS films by the methods of chemical
deposition from the solutions resolves an issue of inclusion
of oxygen into a surface layer by introducing so-called
oxidant substances into the reaction mixture [18,21], in
particular, sodium sulfite Na,SO3 [23], hydrogen peroxide
H,0; [24,25], the mixture of potassium persulfate K,S,0s
and H,O; [1]. In addition to the substances with oxidizing
properties, in some cases the photosensitivity is increased
by introducing reducing agents into the reaction mixture, for
example, hydrazine hydrate N;H4-H,O [26], hydrochloride
acid hydroxylamine NH,OH-HCl [27].

Another approach substantially influencing the photo-
voltaic characteristics of the PbS films is to introduce
special dopants into the reaction mixture during chemical
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deposition, including slats of some metals, which have an
inhibiting function during generation of the lead sulfide
phase by enlarging an induction period of the process.
In this case, the duration of the induction period can be
up to 30—50 min, during which the PbS films accumulate
basic salts and carbonate of lead PbCOs3 being formed
as a result of absorption of CO, from air by the alkali
reaction mixture [28,29]. In doing so, there is an increase
in probability of the reactions with generation of the phase
of the basic lead acetate 2PbO-Pb(CH3COO),-H,0, which
is adsorbed on the surface of the PbS film. It can be
argued that the function of the oxygen-containing impurities
in the lead sulfide film is similar to the function of the
basic lead sulfate nPbO-PbSO4, which is generated after
high-temperature activation of PbS in order to obtain the
photoconductive properties by increasing the life time of
the majority carriers [21,30]. Relating to the impact of the
oxidizers used during the synthesis, the literature tells us
about a significant role of the compounds PbSO4 and PbO
formed on the surface of the PbS grains in the generation
of the photovoltaic properties [31].

There are much less studies done for using halogens
and halogen-containing compounds as sensitizing additives
in order to produce the photosensitive films of lead
chalcogenides. Thus, EMM. Larramendi et al. [32] believe
that the introduction of potassium bromide KBr into
the reactor does not provide both the oxygen-containing
compounds and bromine in the composition of the PbS
film, but influences the morphology of the surface and
the opto-electric properties. The study has established
the dependence of the photosensitivity on the potassium
bromide concentrations, but at the same time it has not
mentioned the role of sodium sulfite Na;SO3, which is also
present in reaction mixture.

One should mention a particularly noteworthy role of
iodine among the halogens, which can provide the highest
photoresponse of the films of metal chalcogenides to IR
radiation during the synthesis or subsequent treatment with
involvement thereof. It has been demonstrated earlier [33]
that the PbS films chemically deposited in the presence
of NH4l are characterized by a relatively high volt-watt
sensitivity to IR radiation and do not require additional
operations of sensitizing for it.

It is generally assumed that the photoconductive PbS
films consist in a system of crystallites separated by inter-
granular barriers [34]. Petriz believes that the crystallites
must have a size from 0.1 to 1.0um and the width of the
intergranular barriers from 0.5 to 2.0 A [34,35]. Once, Indrea
and Barbu demonstrated [36] that the PbS film sensitized
to light was a heterogeneous system of the crystallites
averagely sized as 320 A, which were separated by the
intergranular barriers ~ 160 A The intergranular barriers are
the most vulnerable areas in relation to conservation of the
chemical composition, taking into account processes at the
interphase boundaries related to segregation of the impuri-
ties and oxidation thereof [34,37]. According to provisions
of the theory of intergranular barriers, the authors [38] have

demonstrated that the dark resistance of the deposited PbS
films depended on the number of the barriers between the
crystallites. The primary photoelectric effect of increased
density of the carriers is the result of light absorption by lead
sulfide crystallites, which create the ,hole—electron® pairs.
In particular, the main current carriers are the holes, as the
layers discussed in the study have the p-type conductivity.
The effects of secondary amplification can be a result of
reduction of the intergranular barriers due to capture of
the minority carriers (electrons). Acharya and Bose [38]
have experimentally demonstrated that the barrier height
reduces with illumination. Espevik et al. [21] believe that
the photoexcitation results in the capture of electrons near
the barriers between grains, thereby reducing the thickness
of a depleted layer in the grain and increasing a tunnel
coefficient of current transfer. The similar mechanism was
suggested by Aleshin et al. [31].

It is known [39] that in accordance with the phase
diagram Pb—S lead sulfide has nonstoichiometry across
the basic elements caused by some excess of the lead
atoms and is a n-type semiconductor due thereto. The
authors of [18,40] believe that with introducing either
oxygen or oxygen-containing impurities into the film the
n-type conductivity can transform to the stable p-type. In
accordance with [32,33], during the chemical deposition the
introduction of potassium bromide or ammonia iodide also
changes the type of conductivity of the PbS films from ,,n* to
,»P*. On the other hand, as it has been noted in [33], the PbS
films deposited in the presence of ammonium iodide NHyl
with the reduction properties do not require the additional
operation of photosensitizing and are characterized by the
relatively high volt-watt sensitivity to IR radiation.

The researchers of [17,21,32] believe that the high
photosensitivity in the doped PbS films is necessitated by
inversion of the type of conductivity from the electron one to
the hole one (n — p) and by a high degree of compensation
of the impurity levels across the volume of the crystallites.
As the authors of [41] have noted,the samples of the films
produced from the aqueous solutions the photosensitivity
was exhibited only when the content of the oxidant
increased to such a level that the surface of the n-type
crystallites showed the acceptor states (formed by oxygen
or the oxygen-containing impurity), which capture the elec-
trons out of the volume of the crystallites. Thus, once [1], it
has been established that the highest photoresponse of the
chemically deposited PbS films corresponded to the content
of 15—26 mass% of lead sulfate PbSO4 therein. Using the
Auger spectroscopy, Mohamed et al. [42] have demonstrated
the presence of oxygen and carbon both at the surface of
and across the volume of the photosensitive films of lead
sulfide, which, they believed, was due to generation of
the basic lead acetate 2PbO-Pb(CH3COO),-H,0 and lead
cyanamide PbCN, formed as a result of decomposition of
the chalcogenator.

So, as it follows from the given literature, the photosensi-
tive properties of the lead sulfide films are much determined
by a physical & chemical nature of the dopants and
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specific features of their involvement in the photosensitivity
mechanism. Moreover, the crucial role is played by the
generation of the compounds at the interphase boundary
rather than across the volume of the layer. In particular,
oxygen adsorbed on the microdefects of the crystallites is
absorbed by the grains of lead sulfide with generation of
the oxide phases PbO, PbSO4, PbO-PbSO,4, PbSO5 [21,30],
PbCO; [28,29] and the emergence of inversion channels
in a subsurface area of the crystallites with the p-type
conductivity and the tunnel mechanism of transfer of holes
through the intergranular interlayers [43].

In the case of doping the lead sulfide with iodine, we have
assumed in [33] that the self-compensation mechanism of
the photosensitivity was possible due to generation of point
defects in the form of the impurity Pbl,, which contributed
to the inversion of the (n— p)-type conductivity with
optimization of the concentration of the charge carriers in
the semiconductor layer [44].

Thus, there are now contradictory representations about
the nature of the compounds in the composition of the
chemically deposited thin films of lead sulfide, which
play an important role in provision of the photosensitive
properties thereof. The literature has been analyzed to
reveal the ambiguity of the results, which were available
for the doping impact and the influence of the additives
of an oxidation or reduction nature on the structural
and morphological characteristics, the semiconductor and
function properties of the PbS films. At the same time,
the literature contains no data on chemical deposition of
the lead sulfide films in the exemplified presence of such a
characteristic oxidizer as potassium permanganate KMnQOj.

Therefore, for understanding the nature of the photore-
sponse of the PbS films and its relation to the structural
and electrophysical characteristics of the compounds under
discussion, as well as for practical implementation of the
results obtained, the highly-effective optoelectronic devices
are created with paying large interest to producing the layers
by chemical deposition with substances of various oxidation-
reduction properties, simultaneously present in the reaction
mixture. In this relation, the present study has comparatively
investigated the morphology, the semiconductor and photo-
voltaic properties of the PbS films, which are chemically
deposited in the presence of the individual additives NH4l
and KMnQOy, and with the combination thereof as well.

Experiment procedure

The lead sulfide films were produced by chemical de-
position from the aqueous solutions as per the following
reaction

Pb*" + (NH,),CS + 20H~ = PbS + H,CN, + 2H,0.
(1)
The ammonium & citrate reaction mixture for film depo-
sition included the lead acetate Pb(CH3COO),, the sodium
citrate NazCsHs507, the ammonium hydroxide NH4OH and
thiourea (NH,),CS [29]. The films produced from this
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mixture without introduction of the additional additives was
designated as PbS(0). The second option of the synthesis
included additional introduction of 0.15 mol/l of ammonium
iodide NHyl into the reaction mixture, thereby resulting in
producing the layers PbS(NH4I). In the third option, the
reaction mixture contained from 0.01 to 10 mmol/l of the
oxidizer as potassium permanganate KMnOQy, and the films
deposited in its presence were designated as PbS(KMnOy).
The layers deposited with addition of the combination of
KMnO4 (0.01-5.0mmol/1) and NH4I (0.15mol/l) were
designated as PbS(KMnOy4, NHyI). The films were de-
posited at 353 K during 90 min to pre-degreased substrates
made of a slide (72.2% SiO,, 14.3% Na,O, 1.2% K0, 6.4%
Ca0, 4.3% MgO, 1.2% Al,03, 0.03% FeO, 0.3% SO3) using
the liquid thermostat ,,TS-TB-10“ designed to ensure the
temperature maintaining error of £0.1 K. The thickness of
the films produced were determined using the interference
microscope MII-4M with the error of 10%.

The morphology and the elemental composition of the
films were studied by means of the scanning election
microscope Scanning Electron Mucroscope Tescan Vega 4
LMS with the energy-dispersive add-on (EDS) Oxford
Xplore EDS—AZtecOne. The elemental composition of the
film was determined with the error of about 10%. The
particle size was determined using the Measurer software
with further data processing in the Grapher 9.6 application
package.

The spectra of the Raman scattering (RS) of the samples
were recorded at the room temperature within the range
of the wave numbers of 50—1200cm™! using the confocal
Raman microscope RenishawInViaReflex (djuser = 532 nm,
Is, P =50mW). The infrared spectra of the synthesized
films were recorded by the Fourier spectrometer Bruker
Alpha, the ATR attachment (ZnSe), within the range of
500—4000 cm~! with the resolution of 4cm~!. The Auger
spectra of the films under study were obtained in the Auger-
electron microscope Jamp-9510F (produced by JEOL) with
an inclination angle of the sample in relation to the electron
beam 30° at the accelerating voltage of 10keV before and
after ion etching. When profiling, a diameter of the electron
beam was about 100 um. The depth distribution profile was
obtained by using an ion gun with the argon ion energy of
2000 eV. The rate of etching the samples being investigated
was 63 nm/min. The method error was ~ 10%.

The photosensitive properties of the films were studied
using sensitive cells sized as 5 x 5mm and produced based
thereon, which had electrochemically applied ohmic nickel
contacts. The volt sensitivity of the synthesized films was
measured on a special bench K.54.410 with a source of
IR radiation in the form of the black body (BB) with the
temperature of 573K, at the sensitive cell irradiance of
10~*W/cm?, the radiation modulation frequency of 800 Hz
and the offset voltage of 50V. The photoresponse was
recorded in the form of the voltage drop at a consistent
load resistance.

The conductivity type of the deposited films was deter-
mined by checking the sign of thermo-emf in experiments



1314 L.N. Maskaeva, A.V. Beltseva, O.S. Yeltsov, I.V. Baklanova...

, . } » y
I pym i um Lpym | » 1'pm
 — W | nn m,m ook 4toem 7liom G T
RESS%I;FU]%N %ekl;g‘y,' SgpA SET RESOLUT[ON 20hV DS%“ Rl!ssc(.;inl}olgsN ?g:gg‘y’ oy DS%“ Rl!ssc(.;i%dsN fg:g‘y/

_24F

=20

Zio

2

Y T

0 C 1 S | e S SN C N
0 400 800 1200 0 100 200 300 400 100 200 300 400 500 100 200 300 400

Particle size, nm Particle size, nm

Particle size, nm

Particle size, nm

Figure 1. Electron microscopic images of the films PbS(0) (a), PbS(KMnOs) (), PbS(NH4I) (c), PbS(KMnO4, NH4I) (d), chemically
deposited out of the solutions containing 0.15 mol/l NH4I and 1.0 mmol/l KMnOy, and histograms of size distribution of the particles.

Characteristic frequency (in cm™') of the absorption bands of the surface compounds in the films PbS(0), PbS(NH4I), PbS(KMnOs,),

PbS(KMnO,, NH,I)

PbS(0) PbS(NH4I) PbS(KMnOy4) PbS(KMnOy4, NH4I) Compound, Literature
bound vibrations data
759 732 758 744 PbO 7184 [55]
833 856 L,Os 835—-809 [61]
942 947 PbSO4 966 (57
1297 1259 Valent vibrations 1060—1400 [59]
of the bond C=S
1455 PbCO3 1435 [58]
1538 1527 1571 CH3COO™ 1578 [60]
1747 1746 PbCO; 1741 [58]
1946 1945 1938 1941 PbCN, 1950[56]
2228 2285 Valent 2260—2240 [59]
vibrations C=N
2349 2390 Valent 2300—2250 [59]
vibrations C=N
3161 Valent vibrations3100 [60]
of the NH group
3741 Free hydroxyl 3600-2700 [59]
OH group

Note. Tt is more reasonable to associate the obtained results with the absorption bands in the spectra of adsorption products of carbon dioxide and carbonate
ions on the oxide surfaces. Thus, [59] states that the vibration frequency of the C—O bridge carbonate groups in the spectrum of one of the oxide systems
is observed at 1750cm™!, so are the antisymmetric valent vibrations in the Co;y 2 at 1430cm in the ! structure. The paper [60] also demonstrates
that the bands within this region are observed, in particular, in the spectra of CO, adsorbed on a number of metal oxides.
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where a temperature gradient was created in the region of
probe contacts.

Experimental results and discussion
thereof

At fixed concentrations of components in the cit-
rate & ammonium reaction bath chemical deposition
has produced the mirror films PbS(0), PbS(KMnOy),
PbS(NH4I), PbS(KMnO4,NH4I) with good adhesion to
glass substrates of the thickness of 490, 380, 280 and
250 nm, respectively.

The morphology of the synthesized films with an ob-
served single-mode character of grain size distribution
evolves as shown on the electron microscopic images
(Fig. 1). Thus, the film PbS(0) (Fig. 1,a) consists of well
faceted fitted crystallites averagely sized as 400—800nm
(~ 70%), oriented both as (111) and (220). The introduc-
tion of 1.0 mmol/IKMnOy into the reactor does not change
the shape of the grains, but results in reduction of their
sizes to 100—200nm (~ 75% of the total number) and
emergence of the ~ 14% nanoparticles (Fig. 1,b). The
films PbS(NH4I) and PbS (KMnOg4,NH4I) substantially
differ from the above in disappearance of fine faceting of
the crystallites. The iodine-doped lead sulfide PbS film
(NH4I) is a quite homogeneous microstructure with an
average grain size of 100—200nm (~ 70%) and single
globules of a diameter up to 500—600 nm with the content
of ~ 20% nanoparticles (Fig. 1,¢). When the reaction
bath simultaneously contains KMnO4 and NHyl, the thin-
film layer is formed from the 100—250 nm grains (~ 80%)
with reduction of the portion of the nanoparticles down
to ~ 3% (Fig. 1,d). The microimages of the PbS films
(KMnOy, NH4I) visually demonstrate no substrate coating,
but it signifies not a lack of the film on these portions, but
only reduction of its thickness.

The content of the basic elements (Pb, S, O, I) in the films
PbS(0), PbS(KMnOy), PbS(NH4I), PbS(KMnO4, NH4I)
was determined using the elemental energy-dispersive mi-
croanalysis across the entire area of their surface. The
undoped PbS film exhibits the similar content of atoms of
lead (50.1at.%) and sulphur (49.9at.%). In turn, the PbS
films(KMnOy) produced with introducing the oxidizer into
the reaction bath exhibit reduction of the content of these
elements to 459 and 44.4 at.%, respectively, and oxygen
of up to 3.6-9.7at%. The elemental analysis of the
iodine-doped PbS layer (NH4I) indicates that both separate
globules and the surface consist in predominantly lead and
sulphur, whose content was 49.8 and 48.3 at.%, respectively,
while the iodine content was ~ 1.9at.%. However, it was
difficult to obtain more exact information on the elemental
composition of the PbS films (KMnO4, NH4l) due to
their small thickness and visually observed heterogeneities
(Fig. 1,d).

The produced films PbS(0) had the n-type conductivity.
The inclusion of oxygen into the PbS film (KMnOjy) did
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Figure 2. Dependence of the volt sensitivity Us and the
dark resistance Ry of the5 x Smm cells based on the PbS films
(KMnOs, NH4I) on the concentration of KMnOy in the reaction
bath at the content of 0.15 mol/l NH4I.

not change the conductivity type. Measuring the thermo-
emf sign allowed recording the stable hole semiconductor
type of conductivity in the doped layers PbS(NH4I) and
PbS(KMnOy4, NH4I).

Fig. 2 shows the influence of the combination of the
dopants with simultaneous introduction of KMnO4 and
NHy4I nfluenceinto the reaction bath on the functional
properties of the thin-film PbS layers (KMnOs, NH4I),
in particular, on their volt sensitivity Us and the dark
resistance Ry. As it is clear from the figure, the PbS film
(NH4I) deposited from the solution with added 0.15 mol/l
NH4l, but without KMnO4, has a value of the volt
sensitivity at the given conditions at 320uV. Additional
introduction of KMnQ,4 into the solution contributes to
substantial increase in the film photoresponse, wherein
the dependence of the volt sensitivity on the potassium
permanganate’s concentration is of an extreme nature. The
maximum value of Us of ~ 800uV corresponds to the
concentration of KMnQOy4 of 1.0 mmol/l. Further increase in
the content of KMnOy is accompanied by gradual reduction
of Us to ~700uV at 5.0mmol/l, so is at 10 mmol/l to
600uV. It can be assumed that the film deposited at
1.0 mmol/l KMnOy4 and 0.15 mol/l NH4I in the reactor has
the concentration of the primary carriers (holes), which
is close to the optimum one, due to the presence of the
impurity phases and specific features of its microstructure.
Thus, the introduction of the combined additive KMnOgy
and NHyl increases the volt sensitivity of the PbS films
(KMnOy4, NH4I) almost two times, indicating a synergistic
effect. As for the dependence Ryq = f([KMnOy]), then
we should note the growing dark resistance from 900 to
1300k2 and to 1450k€2 (10 mmol/l) with the increase in
the potassium permanganate’s concentration in the reaction
bath.

Larramendi et al. [32] have noteworthily explained a
similar extreme dependence of the PbS photosensitivity on
the potassium bromide KBr in the reaction bath, which is
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Figure 3. Spectra of Raman scattering («) and IR transmittance spectra () of the films PbS(0), PbS(NH4I), PbS(KMnO4), PbS(KMnOs4,

NH.I).

defined by the surface film characteristics rather than the
volume ones, in particular, by disorder of the inversion
channels at the grain boundaries. Moreover, the bromine
impurity in the composition of the polycrystalline PbS film
was not found, and only modification of the morphology of
the layer surface was observed.

In order to identify the impurity compounds both at the
surface and across the volume of the semiconductor layers
PbS(0), PbS(KMnOy), PbS(NH4I), PbS(KMnO4, NH4l),
we have applied a set of investigation methods including
RS, IR and Auger spectroscopy.

Fig. 3,a shows the RS spectra of the film samples
under discussion at the room temperature in the range
of the wave numbers 50—1200cm~'. As it is known, a
position and a form of the lines within the RS spectra
depend on a molecular structure of the compound. The
RS spectra of the films being investigated exhibit six
oscillating active Raman modes around 72—73, 134—137,
179, 275, 426—433, 964—966 cm~! [45,46]. The intensive
peak 134—137 cm™! reflects a combination of longitudinal
and transverse acoustic modes (LA +TA) [47-49]. We
have also recorded the mode at the lower frequency
(72—73 ¢cm~!), which can be attributed to the transverse
optical modes (TO) [50,51]. The observed weak line of
Raman scattering in the PbS structure within the frequency
range 179—181cm™! relates to the longitudinal optical
mode (LO), while the line at 426—434cm~! comes from
the first overtone of the basic longitudinal optical (LO)
phonon modes of PbS (2LO) [52]. As per the data
of [53], the mode around 272—275c¢m~! belonging to PbO
is recorded only in the RM spectra of the films PbS(0) and

PbS(KMnOy). The valent symmetrical vibrations vy SO3~
(PbSO4) are due to the mode 964—966 cm~! [54], which
is observed in the RS spectra of all the synthesized film
samples.

The impurity phases (PbO, PbSOy4) identified by Raman-
scattering spectroscopy can be explained by oxidation of
lead sulfide:

PbS + 3/20, = PbO + SO,  ArGleg = —390.4 kJ/mol,
(2)
(3)

It should be noted that the generation of lead sulfate
is thermodynamically more advantageous to the genera-
tion of the oxide, which is confirmed by the RS spec-
tra exhibiting the more intensive peak at the frequency
964—966cm~! and the weak peak in the low-frequency
region 272—275cm™!. Thus, the RS spectra were useful in
identifying only two impurity phases — PbO and PbSO4
available in the films, which agrees with the data given
in [21,30].

Results of the IR spectroscopy should be also involved
in order to get a full set of the normal vibrations and,
consequently, a position of the oscillating levels of the bond
energy in the samples formed on the surface. Fig. 3, b shows
the IR spectra of the film samples PbS(0), PbS(NH4I),
PbS(KMnOy), PbS(KMnOy4, NHyl) containing a number
of characteristic absorption bands to establish the chemical
composition thereof.

The table references the vibrational frequencies found in
the IR spectra of the films discussed and in the literature
sources. All the film samples under discussion have

PbS + 20, = PbSO; A, Glg = —781.23kI/mol.
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Figure 4. Concentration profiles of element distribution across the thickness of the PbS films(KMnO,) and PbS(KMnO4,NH4I) deposited
onto the glass substrates out of the reaction mixtures, which contain (¢) 1.0 mmol/l KMnOy, (b) the combination of 1.0 mmol/l KMnO4

and 0.15mol/l NH4L

the most expressed absorption lines with the maximums
732—759, 1938—1946 cm~!, which correspond to the PbO
oxide and the cyanamide PbCN, as per the literature
data (718.4cm~!' [55] and 1950cm~! [56]) The lead
cyanamide PbCNj; is resulted from hydrolytic decomposi-
tion of thiourea in the ammonium & citrate reaction mixture
with pH 12.2,which occurs as per the reactions

N,H4CS = H,S + Hy,CNy, (4)

H,CN, + Pb*" 4+ 20H™ = PbCN, 4 2H,0.  (5)

As in the RS spectra, the presence of lead sulfate
PbSOy4 can be judged by the absorption bands 943 cm™!
(PbS(0)) and 947 cm~! (PbS(KMnOy)), which characterize
the valent vibrations of the SO3 -ion with slight offset to
the low-frequency region as compared to the frequency of
966 cm~! given in [57).

The IR spectra of the PbS films(KMnOj), PbS(KMnOs,
NH4l) contain the absorption bands 1747, 1455 and
1746cm™!, which can be supposedly attributed to lead
carbonate resulted from absorption of CO, from air by
the alkali reaction mixture. In terms of their values, the
recorded frequencies are close to 1741 and 1435cm™!
as given in [58] for carbonate. However, probably, it is
more reasonable to identify the obtained results with the
absorption bands in the spectra of adsorption products of
carbon dioxide and carbonate ions on the oxide surfaces.
Thus, [59] states that the vibration frequency of the C—O
bridge carbonate groups in the spectrum of one of the oxide
systems is observed at 1750 cm ™!, so are the antisymmetric
valent vibrations of the C=0 — at 1450 cm ™! in the COJ 2
structure. The paper [60] also demonstrates that the bands
within this region are observed, in particular, in the spectra
of CO, adsorbed on a number of metal oxides.
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The valent vibrations in C=N at the frequencies of 2228,
2285cm~! and 2349, 2390 cm—!, which are identified in
the IR spectra of PbS(0) and PbS(KMnOy), are close
to the values of 2260—2240 and 2300—2250cm~! of
[61]. The surface PbS layer (KMnOy) exhibits recorded
valent vibrations of the N—H group at the frequency of
3161 cm™! [60] and a weak-intensity of the absorption band
at 3741 cm™!, which is responsible for the free hydroxyl
OH group [61]. The absorption bands in the region of
1527—1571cm™~! characterize the vibrations of the group
of the CH3COOacetate ions [62] on the surface of the
film samples PbS(0), PbS(NH4I), PbS(KMnOy).

Let us consider specific features of the IR spectra of the
photosensitive film samples PbS(NH4I) and PbS(KMnOy,
NH4I). In the frequency range of 835—809cm~! [63]
the spectrum of the PbS film (NH4I) exhibits a detected
absorption band at the vibration frequency of 833 cm™!,
which is characteristic for diiodine pentoxide 1,0s. This
light-sensitive phase is resulted from emergence of the PbO
impurity phase, which in an alkali medium acts as the
oxidizer of the iodide ions I~ in the reaction

4Pb*TO + 217 4+ 20H™ = 4Pb° + ,Os + H,0.  (6)

The studies have shown that the addition introduction of
ammonium iodide and the oxidizer in the form of KMnQy4
as well is accompanied by shift of the absorption band to
the high-frequency region from 833 to 856cm~! and by
increase in the intensity thereof It can be interpreted as
an increase in the content of 1,05 on the surface of the
PbS film (KMnOjy, NH4I) due to additional oxidation of the
iodide ions I~ by the permanganate ions MnO4 ™~ as per the
following reaction

Mn’*0, + 21" + 100H™ = Mn®"0, % + 1,05 + 5H,0.
(7)
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Another specific feature of the IR spectra of the films PbS
(NH4l) and PbS(KMnOy4, NHyl) is the presence of valent
vibrations of the C=S bond [61]: the more intensive narrow
peak at the frequency of 1297 cm~! and the weak one at
the frequency of 1259 cm~!.

Thus, the obtained results indicate that the introduction
of the combined oxidizer KMnO,4 and NHyl originates the
synergistic effect of their impact related to more intensive
generation of the optically active phase 1,0s. Probably, it
is one of the main reasons of the increased photoresponse
for the deposited films PbS(KMnO4, NH4I) as compared to
PbS(NH4I) synthesized using only the NHyI additive.

Fig. 4 shows profiles of distribution of the basic and
impurity elements (Pb, S, C, O) across the depth of the
layer PbS (KMnOj4) and PbS(KMnOy4, NH4I), which are
produced by layer-by-layer Auger electron spectroscopy.
The elemental analysis of the subsurface layers of the films
PbS(KMnO4) and PbS(KMnOs, NHyI) has shown that
they included a quite large amount of carbon — 62.2 and
474 at.%, respectively, at the content of oxygen of 14.7
and 23.8at.%. That is, the NHyl additive stimulates the
generation of the oxygen-containing phases in the surface
PbS layer (KMnOy4, NH4I). Carbon is present both due
to surface contaminations and the impurity of final and
intermediate products of decomposition of thiourea during
the synthesis. Besides, there is high probability of generation
of lead sulfate PbSO4 as a result of oxidation of the sulfide
of this metal [1] as well as of lead carbonate PbCO3 due to
absorption of carbon dioxide from air by the alkali reaction
mixture [28,29).

The content of the basic elements (Pb and S) in the
surface PbS layer (KMnOy) is 11.5—11.6at.%. At the
surface of the semiconductor PbS layer (KMnOy4, NH4I)
deposited using the combined additive KMnO4 and NHul,
the content of lead and sulphur is somewhat higher —
14.3—14.7at%. After 25-s ion etching of the surface
PbS layer (KMnO4) (Fig. 4,a) no oxygen is virtually
detected, while the content of lead Pb (46.7 at.%), sulphur S
(46.9 at.%) and carbon C (~ 4.5at.% with the deviations
of 6.6 and 8.6at.%) is ,plateauing”. As for the PbS films
(KMnOy4, NH4I) (Fig. 4,b), the content of oxygen across
the volume (across the film thickness) gradually increases
from 1.2 to ~ 6.5at.%, and the content of carbon is within
the range from 4.1 to 6.2at%. It can be assumed that
the presence of the carbon impurity across the thickness
of the PbS film (KMnOy) is related to generation of
lead cyanamide PbCN, during the synthesis as per the
reaction (5) (Fig. 4,a). With the same content of carbon,
the PbS film (KMnO4, NH4I) (Fig. 4,b) is gradually
increasing its content of oxygen, and we can assume that
the impurity phase PbCO; is also generated beside the
cyanamide PbCN.

The data obtained for distribution of the impurity el-
ements across the thickness of the PbS film (KMnOy,
NH4I) agree with the results of Auger spectroscopy of
the photosensitive PbS as given in the study [43]. The
concentration profiles of element distribution in both the

films are specifically characterized by the presence of
oxygen near the surface of the glass substrate from 4.1 at.%
for PbS(KMnOy4) to 10.8at.% for PbS(KMnOs4, NH4l),
which is related to nucleation thereof as per the ,,hydroxide®
mechanism, ie. with generation of a sublayer of lead
hydroxide Pb(OH), [33,43].

Conclusion

The chemical deposition has produced the polycrystalline
thin films of lead sulfide of the thickness of 250—490 nm on
the glass substrates with introducing the sensitizing additives
of potassium permanganate, ammonium iodide and the
combination thereof. The influence of the said additives on
the thickness and the morphology of the synthesized layers
has been shown provided that the single-mode nature of the
microcrystal size distribution is maintained.

Using the Auger electron spectroscopy, the layer-by-layer-
by-layer etching of the layers had produced the profiles of
distribution of the basic and impurity elements (Pb, S, C, O),
which made it possible to identify lead cyanamide PbCN,
in the films and to assume that lead carbonate PbCO3; was
generated in the PbS film (KMnOy4, NH4I).

The IR and RS spectra of the films PbS(0),
PbS(KMnOy4), PbS(NH4I) and PbS(KMnO4, NH4I) had
been analyzed, which made it possible to identify a
number of generated compounds of the various composition
therein. In particular, the RS spectra have the six oscillating
active Raman modes around 72—73, 134—137, 179, 275,
426—433, 964—966 cm~!. The mode near 272—275cm ™!,
belonging to PbO is recorded only in the spectra of
the films PbS(0) and PbS(KMnO,), while the valent
symmetrical vibrations of the sulfate ion SO~ (PbSO4)
(which correspond to 964—966 cm™!) are observed in all
the investigated film samples.

The IR spectra of all the samples indicate that they have
the impurity phases of lead oxide PbO (732—759cm™!)
and cyanamide thereof PbCN;, (1938—1946 cm™!) as the
final product of decomposition of thiourea. This is the first
time that the IR spectroscopy of the films PbS(NH4I) and
PbS(KMnOy4, NHyl) has established the generation of the
phase of diiodine pentoxide I,0Os at the frequencies of 833
and 856 cm~! , respectively.

In the presence of the additives of ammonium iodide,
PbS(NH4I) and its combination with potassium perman-
ganate PbS(KMnO., NHyl), it has established the inversion
of the inversion of the conductivity type N — p in the
deposited layers. It also includes the establishment of the
extreme nature of the volt sensitivity of the PbS films
(KMnO4, NHy4I) on the addition of potassium perman-
ganate into the solution. The combination of the additives
1.0mmol/l KMnO4 and 0.15mol/l NH4I contributes to
increase in the film photoresponse to IR radiation approx-
imately two times as compared to the PbS film (NH4I)
by the synergistic effect, which is due to more significant
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generation of the optically active phase of diiodine pentoxide
L,Os,

With the results obtained, we can assume that the crucial
role in sensing the lead sulfide films synthesized in the
study is predominantly played by the presence of the phase
1,05 rather than impurity compounds PbCN,, PbCO3, PbO,
PbSO4.
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