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Influence of ammoniou iodide precursor on the structures and lifetime of
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The structure and characteristics of photosensitive elements based on thin films of lead sulfide (PbS) were studied.
The films were prepared by chemical precipitation in the presence of a precursor (ammonium iodide (NH4I)) in
different molar concentrations. It has been established that iodine and its compounds (formed at an early stage of
thin film deposition) lead to a change in the formation mechanism of the material structure. In turn, this leads to
a decrease in the thickness of the oxygen-containing layers between the crystallites and has a decisive influence on
the increase in the mobility of charge carriers. It is shown that the increase in photosensitivity at low frequencies
(up to 800 Hz) is associated with the formation of oxygen-containing compositions and the appearance of a second
group of charge carriers with lifetimes of 860—930 us.
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Introduction

Lead sulfide (PbS) is a representative of a widespread
family of A'VBY! compounds and a direct-band-gap semi-
conductor material with a band gap of 0.4 eV at 300 K. The
compound of interest has a NaCl type (mineral salt) face-
centered cubic structure, space group Fm3m. The lattice
parameter is 5.94 A [1]. This material is used for producing
photosensitive elements (PSE) in electrooptical systems
(EOS) operated in the IR region from 1 to 3um [2-4],
however, due to a high concentration of both types of charge
carriers in single crystals, the time constant that defines the
sensitivity of these PSE was low (from 6 - 1071 to 9 - 10~°
according to Moss’s studies [5]). Techniques for formation
of oxygen-rich polycrystalline photosensitive PbS-based thin
films has been developed since the 1960s PbS forms p-type
traps, thus increasing the hole lifetime and the sensitivity.

In recent years, nanostructured PbS thin films are also
used as visible light detectors [6]. Lead sulfide is also a
promising material for formation of heterostructures used to
create high-efficiency solar cells [7-10], sensors for detecting
various gases [11-13] and non-ferrous metal ions in aqueous
media [14,15], highly selective sensors for detecting toxic
compounds in air [16,17] and for producing quantum
dots [18].

One of the essential stages of high-sensitivity element for-
mation process is sensitization, i.e. intentional introduction
of oxygen into the PbS lattice as an isoelectronic impurity
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with high electronegativity. ~ For this, high-temperature
annealing in air [19] or two-stage annealing first in oxygen
and then in nitrogen [20] are used. Besides annealing,
oxygen can be introduced into the crystal structure dur-
ing chemical deposition from a reaction bath containing,
apart from the main components, additional oxidizers
(HzOz, KzSzOg) [18,21,22], reducers (Nast3, N2H4-H20,
NH,OH - HCl, Na;S,03) [22-25] or activators in the form
of various metal salts (silver, mercury, calcium, cadmium,
iron (IT), gallium and magnesium) [27-30].

In accordance with the Pb-S phase diagram, lead sulfide
has surplus of lead atoms with respect to sulfur [18] and,
therefore, is an n-type semiconductor.

Sensitization of PbS films by both oxygen and iodine
is accompanied by a change in the conductivity type
(from n-type to p-type), increase in the concentration of
quasi-free holes due to localization of electrons on p-type
centers (traps) energetically positioned within the PbS band
gap [31,32], while the hole lifetime is growing.

It is known [33,34] that the main parameters of electroop-
tical systems are voltage sensitivity:

Sy = U Su (1)
Q1+ (0-7)?
and specific detectivity:
p* — UsVAerr - Af Su,vAerr - Af 2)

Or - Uy Uy
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where Us is the rms photoelectric signal voltage; @ is the
effective radiation power; w = 2z f is the cyclic frequency;
T is the photoresist (PR) time constant (equivalent to
the majority carrier lifetime); Sy, is the sensitivity at
low radiation modulation frequency, Agrr =1-b (I is
the distance between PSE contacts, b is the PSE contact
width) is the effective PSE area; Af is the equivalent
bandwidth of an amplifier; Uy is the rms noise voltage.

1 + (w - 7)? reflects a decrease in sensitivity as the signal
frequency grows.

It is reasonable that for comparing PSEs having different
dimensions and bias voltages, the given parameters are used
or values in arbitrary units are considered. For example,
S;; is the specific (reduced) voltage sensitivity calculated
using the following equation [33,35]:

S3(1) = Us - Agrr o Uo
&g - Upsp V1 + 0212 V1 + 0?12
A 1) -
Do n) -7 3)

00 P p-d-V1+wr?
where Upsgp is the PSE voltage; d is the photosensitive
layer thickness; n(A) is the wavelength-dependent quan-
tum efficiency of absorbed radiation. EOS designed for
control over objects with small angular dimensions use
conversion of pulse signals generated during scanning of
the environment. Ao/ (oy - @) — photoconductivity related
to dark conductivity (o) and effective radiation power
with fixed modulation frequency, rather than conductivity
(photoconductivity — Ac¢) increment, serves as a sensitivity
criterion for them. Dark conductivity is defined by the
concentration of charge carriers in steady state:

00 = q(no - Un + po - Kp), (4)

where g is the electron charge; u,, u, is the electron
and hole mobility, respectively; ng, po are the carrier
concentrations in thermodynamic equilibrium state.

Concentration of majority carriers p = p; + p» includes
two components: p; is caused by oxygen penetration into
the volume of PbS crystallites at the sensitization stage,
and p, is generated by formation of attachment levels
on the surface of crystallites formed by oxygen-containing
impurities (OCI) [33,36]. With p, > p;, which is observed
in serial PSE, 7 is linearly related to p» (7 =C - p,
where C is the coefficient, whose value is determined
experimentally). Thus, the voltage sensitivity values are
defined by the ratio of the time constant to the concentration
of majority carriers 7/p.

To increase photosensitivity of thin films in low-frequency
range, increase the majority carrier lifetime (more often of
holes) that coincides with the photoconductivity relaxation
time, or decrease the concentration of equilibrium charge
carriers, or rather decrease the dark conductivity. Whilst
a change in charge carrier mobility in polycrystalline PbS
films is generally not considered.
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It was reported in [33,36] that a vast majority of
commercial IR detectors produced before the early 21st
century that are made on the basis of PbS films deposited
from reaction baths with addition of various oxidizers,
reducers and activators have the main specifications in the
following ranges:

e time constant from 50 to 600 us;

e dark resistance, Rp — from 50 to 400 k<2;

e sensitivity at the spectral response curve maximum
St =(1—400) - 10* V/W with Apx=2.4um and integral
sensitivity Sy = (1000—3000) V/W;

e specific detectivity at the spectral response curve max-
imum Dj = (2.5-40)-10"°W~'.cm-Hz'/? (at room
temperature and field-of-vision angle 60°) with theoretical
value D =5.8-102W~'.cm-Hz"/%

e integral specific detectivity
D33 = (0.7-10) - 10° W' . cm - HZ'/2.

Recently, new modifications of previously known tech-
niques have appeared and can be used to vary photo-
voltaic parameters. Thus, for example, the chemical bath
deposition (CBD) technique allows variation of photovoltaic
parameters through introducing various precursors in the
reaction bath, and thin film properties will depend on
the deposition process duration, concentration of reagents,
solution temperature and pH [37-39).

In [26], the researchers discovered an inhibiting effect
of Na;S;03 on the process rate due to formation of a
stable Pb(S,03); complex in the reaction bath, and in [40],
NH;Ac was additionally introduced to maintain constant pH
in the reaction bath. Unfortunately, in [41], the authors
avoid the question related to the presence of oxygen in
PbS film, which certainly shall be present because aqueous
solutions, besides a reducer in the form of KBr, also contain
an oxygen-containing impurity — NaySOs, to ensure high
photoconductivity of PbS films.

The use of halogens in producing lead chalcogenide PSE
was discussed in the foreign literature much less frequently,
however, since as early as the late 1950s [42], it has been
known that halogen-containing compounds could control
oxygen penetration into thin-film structure microcrystallites.
The use of halogens for chemical deposition was probably
first discussed in [43], where formation of poorly soluble
compounds and complexes was reported. The effect of
iodine and other halogens on structure parameters was
discussed in more detail for PbSe. In [44], it was discovered
that iodine doping of chemically deposited films led to
formation of several oxide phases such as Pbl,O,, Pb,0O4,
and Pbl,. Some other papers also reported that addition of
halogen-containing compounds allowed controlling oxygen
atom inclusion in the lattice during chemical deposition of
structures. Such data were not obtained for lead sulfide
structures.

According to the authors of [45], halogens having seven
electrons in the outermost electron shell shall have a
deep donor effect, therefore it could be suggested that
halogen doping of lead sulfide will provide samples with
a concentration of electrons of about 10?°cm~3. The
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importance of investigating halogen doping of lead sulfide
is emphasized by the authors of [46]. A little later, it was
reported that halide ions were used as dopants for chemical
deposition of PbS films [43-44,47]. In [43], kinetics of
chemical deposition of lead sulfide in the presence of
ammonium halides in the reaction bath was explored,
but photosensitive properties of ammonium halides were
scarcely discussed. Further papers [44,47] report that
PbS thin films have a sensitivity up to 1200 V/W and a
detectivity up to 10 cm - Hz"? - W~!. It is also shown
that dopants can be ranked as NH4I > NH4Cl > NH4Br by
their sensitizing action. In addition, when any ammonium
halide was introduced in the reaction bath, the type of
conductivity of PbS changed from n to p. To explain
photosensitive properties of PbS films, the authors of [48]
used a self-compensation phenomenon inherent in lead
chalcogenides during halogen doping [45], but quantitative
interpretation of this phenomenon is currently unavailable.
Self-compensating mechanism in PbS films during iodine
doping is probably implemented due to formation of point
defects in the form of interstitial impurity in the interstitial
space and to creation of iodide ion and lead complexes,
»Pb-I,*, that actually provide a lead vacancy. Lines
belonging to iodine-/oxygen-containing compounds (Pbly,
PbSO4, PbO) were detected on the Raman scattering
spectra of the PbS of interest in the stretching frequency
range of 50—1200 cm~! [49)].

In [50], its was discovered that the composition and type
of conductivity determined by the sign of thermal emf when
forming a temperature gradient in the contact region for
films deposited from the reaction bath containing 0.15 mol/l
ammonium iodide depended on the deposition process time:

e at a synthesis time of 20min, the maximum
amount of iodine was reported — (9.4+1.0)at%
([Pb]/[S]= (45.4 £ 1.3) at.%/(45.2 £ 0.6) at.%), films
demonstrated the n-type conductivity;

e at a synthesis time of 40min, the amount of
iodine was (5.8+0.6)at.% ([Pb]/[S] = (49.140.6) at.%/
(45.1+0.4) at.%); at this and longer synthesis times, films
demonstrated the p-type conductivity;

e at a synthesis time of 60min, the amount of
iodine was (5.3+0.4)at.% ([Pb)/[S] = (49.9 £ 0.4) at.%/
(44.8 £ 0.3) at.%);

e at a synthesis time of 90min, the amount of
iodine was (2.7+0.3)at% ([Pb)/[S]= (50.1 & 0.3) at.%/
(47.2 £ 0.3 at.%);

Thus, the highest atomic concentration of iodine is
observed after 20 min of synthesis and is (9.4 £+ 1.0) at.%.
As the deposition time increases, the type of conductivity of
the structure changes (from the n-type to the p-type), the
iodine concentration decreases.

Iodine introduction into the PbS thin film structure is
an important topic of discussion, as this process allows
changing the main properties of photosensitive structures
for particular EOSs. The aim of this work was to identify
the physical causes of high sensitivity of PSE , when using
the ammonium iodide precursor(NH4I), and the correlation

between photovoltaic properties and composition, charge
carrier lifetime and morphology.

1. Objects and method of investigation

The objects of investigation were PbS thin films synthe-
sized by chemical deposition from an ammonia-citric reac-
tion bath containing 0.04 mol/l of Pb(CH3COO),, 0.3 mol/l
of Na3C6H507, 4.0mol/l of NH4OH and 0.58 mol/l of
N,H4CS (source of sulfide ions) with the concentration
of NHyl varied from 0.125 to 0.20 mol/I [50]. Films were
deposited during 90min at 353K in sealed molybdenum
glass reactors where degreased microscope slide substrates
(72.2% SiO,, 14.3% Nay0; 1.2% K0, 6.4% CaO, 4.3%
MgO, 1.2% Al,O3, 0.03% Fe;03, 0.3% SO;3) secured in
PTFE fixtures were immersed [51]. The reactors were
placed in the TS-TB-10 thermostat with a temperature con-
trol accuracy of £0.1K. After completion of the synthesis,
the films were rinsed with distilled water and dried in air.

For comparison, PbS films were deposited from
a reaction mixture containing (besides the main
components (NH),-CS, Pb(CH3COO);)) an oxidizer
(NaS,04 or Na,SO;3) and a reducer (H,NH,-H,O) or
(KOH) [19,31,32].

Photovoltaic properties were studied on samples with
ohmic nickel contacts. Measurements were performed in
accordance with GOST 17772-89 using the K54.410 system
with a blackbody (BB) radiation source T = 573K. BB
temperature maintenance accuracy was 0.K. Irradiance in
the instrument plane was 3 - 10~* W/cm?. Radiation modu-
lator in the form of a perforated disk provided a modulation
frequency of 400 Hz, 800 Hz and 1200 Hz. Measurement
path bandwidth is 156 Hz, 156 Hz and 189 Hz, respectively.
Photoconductive response was recorded as a voltage drop
across the matched load resistance. Measurement condi-
tions: radiation source — BB with a temperature of 573 K;
bias voltage — 20 V, 30 V and 40V, ambient temperature —
20°C — 25°C. Measurement error of the K54.410 system is
about 10 % of the measured variable.

Photoconductivity relaxation time constant 7 (majority
carrier lifetime) was determined by signal values at 400 Hz
and 800 Hz, 800 Hz and 1200 Hz and was compared with
results obtained using the ASEC-03E automated system
for measuring electrophysical parameters of semiconductors
(Special Design Bureau, Institute of Radio Technologies and
Electronics of the Russian Academy of Sciences, Fryazino)
by relaxation curves after pulsed illumination by the Unomat
B24 1LZ24/GN80 flash with a temperature of 5600 K and
light pulse time of 0.0ls. Acceptance error limit for
measurements using the ASEC-03 is about 0.1rhs.

Morphology of film samples was studied by the atomic
force microscopy using the probe NanolLaboratory INTE-
GRA Prima made by NT-MDT (Zelenograd). Scanning
was conducted in a semi-contact mode using the NSGO1
cantilever (hardness 1.45—15.10N/m). Crystallite sizes
were analyzed using Gwyddion v.2.67.
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Effect of chemical composition of iodine-doped PbS thin films on the dark resistance and PSE time constant estimated by the voltage
sensitivity decay and photocurrent relaxation

Sample | [NHall, |y o [S], at.% m,at% | K2 Time constant 7, s
Ne mol/l k2 | By sensitivity decay | By photocurrent relaxation
0.125 | 47.78 £0.55 | 50.18 £0.56 | 2.04 +0.21 | 1470 560—130 870 and 340
0.170 | 47.70 £0.22 | 50.95+0.09 | 1.354+0.25 | 1100 340—-120 930 and 280
0200 | 46.98£0.38 | 51.99+0.17 | 1.03 £ 0.35 157 340-250 860 and 380

Elemental composition of films was studied in five differ-
ent points (followed by averaging of results) on the surface
by electron microprobe analysis using the Vega II SBU
scanning-electron microscope (Tescan, Czech Republic)
fitted with the Inca x-Act energy-dispersive spectrometer
(Oxford Instruments, UK). Accelerating voltage was 10kV,
detector acceptance angle was 15°, working distance was
15 mm, data acquisition time was 60s.

Depth variation of the film composition was measured
using two techniques: Auger analysis with layer-by-layer
etching and high-resolution transmission microscopy.

Auger-electron spectroscopy used the JEOL Jamp-9510F
microprobe (Japan). Accelerating voltage of primary beam
electrons was 10keV, electron beam current was 33 nA,
sample angle with respect to normal to the primary electron
beam was 60°, electron beam diameter during profiling was
more than 100 um. Analyzer mode was M4 with constant
retarding potential and a relative energy resolution of 0.3 %.
Ar atom ion source energy for the profile analysis was 2 keV,
the etching angle was 41° with respect to the sample plane.

Transmission electron microscopy samples were prepared
by the lift out technique using the Helios Nanolab 600
focused ion beam scanning-electron microscope (Thermo
Fisher Scientific, USA). Then the samples were examined
using the Osiris microscope (Thermo Fisher Scientific,
USA) fitted with a high-angle annular dark-field detec-
tor (Fischione, USA) and the Super X X-ray energy-
dispersive spectrometer (ChemiSTEM, Bruker, USA) at
an accelerating voltage of 200kV. For the purpose of
examination, a platinum layer was preliminary sputtered on
the photosensitive elements to avoid surface charging effects.

2. Findings and discussion

Elemental composition of PbS thin films chemically de-
posited from reaction mixtures with varied concentration of
ammonium iodide from 0.125 to 0.200 mol/l was examined
by the electron microprobe analysis throughout the surface
area. Film samples were tested for concentration of main
elements (Pb, S and I). Averaged analysis results for
three concentrations of ammonium iodide are shown in
the table. The sulfur concentration (50.18 at.%—51.99 at.%)
in all films is a little higher than the lead concentra-
tion (46.98 at.%—47.78 at.%), i.e. chalcogen-metal ratio is
1.07—1.09. Since dark resistance drift was observed in
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completed samples, the table gives dark resistances after
stabilization. It can be seen from the table that an increase
in the concentration of NHyl in the reaction mixture from
0.125 to 0.200 mol/l caused a decrease in the dark resistance
RD by a factor of more than 9. Due to the lead deficiency
with respect to the stoichiometric composition, the obtained
films have the p-type conductivity.

Charge carrier mobility in iodine-doped PbS thin
films was determined from the Hall effect measure-
ments [49]. It was identified that the maximum mo-
bility (u = 32.57cm?/(V-s)) is achieved with an iodine
concentration of 1.2at.%. This value is much higher than
in previously studied samples prepared using oxidizers
(12—16 cm?/(V-s)) [19,31,32], which can exert a significant
impact on the PSE dark resistance.

As it follows from equation (3), the specific voltage
sensitivity of elements is directly proportional to the car-
rier lifetime. Photosensitive element relaxation time was
estimated by two methods: by the time dependence of
photoconductivity relaxation (photocurrent relaxation using
the ASEC-03E complex) and by the frequency dependence
of voltage sensitivity decay measured using the K54.410
system. According to the literature data [35], sensitivity
variation in the measured frequency range (400—1200Hz)
shall be as small as possible (about 10%). We have
observed such dependence earlier on many photoresists
made using various techniques, in particular, physical
deposition with high-temperature annealing and chemical
deposition using oxidizers.

For the batch of iodine-doped PbS film samples of
interest, measurements of the voltage sensitivity (signal
voltage) vs. radiation modulation frequency carried out
on the K54.410 system differ considerably. In particular,
decrease in the voltage sensitivity occurred in the frequency
range of 400—800 Hz, and its values at 800 Hz and 1200 Hz
coincided within the measurement accuracy. By analyzing
the obtained data, it is suggested that a sharp drop in the
voltage sensitivity with a frequency range up to 800 Hz
is caused by the presence of several carrier groups with
different lifetimes in these films, which was discussed even
by V.S.Vavilov [52].

Signal voltage amplitude (voltage sensitivity) variation in
the given frequency range makes it possible to calculate the
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Photocurrent relaxation curves of samples with oxidizer and without NH4I (a) and with ammonium iodide (b):
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relaxation time constant as follows

B (k2 —1)
- V (- ) ®)

where kg = U,1/U,,, while U,y > U, at f| < f2, U, is the
signal voltage.

Time constants of the test samples calculated by the
sensitivity decay are given in the table. It should be
noted that PSEs on the basis of PbS films iodine-doped
via chemical deposition have the p-type conductivity and
photosensitivity immediately after deposition, and the time
constant can be low — up to 100us [49]. Since these
photosensitive elements tend to improve their properties
in storage (increase the dark resistance, sensitivity and
specific detectivity), we measured photovoltaic variables
during five months after production. This makes it possible
to explain the spread of time constants listed in the table.
Analysis of the measurements shows that PSE on the
basis of PbS thin films with the highest and lowest iodine
concentration in them as estimated by the X-ray spectral
microanalysis displays a change in the time constant by
more than twice. However, there is no distinct dependence
of the time constant on iodine concentration in the films
of interest. It should be noted that the used time constant
measurement method is not able to estimate reliably the
frequency , at which the photoconductivity decay (voltage
sensitivity decay) starts, because detailed examination of the
400—800 Hz region is impossible.

In our opinion, the problem of determining the carrier
lifetime can be solved by analyzing the photocurrent
relaxation curves. Figure 1 shows relaxation characteristics
of typical PbS films formed by chemical deposition from a
reaction mixture containing either only NHy4I (Figure 1,5),
or oxidizer (sodium sulfite) (Figure 1, a). Relaxation curves
were processed using Origin Pro 2021 numerical data
analysis package.

It is known that in low light conditions, PSE photocon-
ductivity relaxation is determined by the exponential law.
For typical PbS film samples obtained from a reaction bath
containing an oxidizer, the relaxation curve is described by
one exponent (Figure 1,a). At the same time, for a typical
PbS sample deposited in the presence of ammonium iodide
as shown in Figure 1,b, the curve can be described by
two exponents with different time constants. The findings
can explain the sharp drop in the signal voltage (voltage
sensitivity) in the frequency range of 400—800 Hz.

From the above table, it follows that the photoconductivity
relaxation time (majority carrier lifetime) constant found by
the photocurrent relaxation reflects the lower limit found by
the sensitivity decay. Majority carrier lifetimes calculated
by the photocurrent relaxation vary in the range from 280
to 930 us. The spread of time constant values from 50 to
350 us is typical for all chemically deposited photoresists
(for example, FR-202) [33], however, appearance of the
second time constant (860—930 us) can explain high photo-
sensitivity observed in PSE, which agrees with (3).

To identify the origin of the second time constant, focus
was made on the morphology and layer-by-layer elemental
composition of thin films (PSE). Figure 2 shows 5 x 5um
atomic force microscopy (AFM) surface images for typical
test samples and grain size distribution bar charts (insets).

Analysis of the results of thin film surface topology study
shows that PbS films chemically deposited in the presence of
ammonium iodide (Figure 2,a) contain 75 % of grains with
a mean size of 100—350nm and 4 % of nanorange particles,
while commercial photoresists made in the presence of
oxidizer (Figure 2,b) contain larger crystallites (from 600
to 1800nm). It has been identified that as the iodine
concentration increased from 1.03 at.% to 2.04 at.% in PbS
films, the arithmetic mean surface roughness Ra decreased
from 20.20 nm to 16.93 nm, i.e. the film surface becomes
smoother as the iodine concentration in films increases.
Grain surface peaks of PSE based on PbS films chemically

Technical Physics, 2026, Vol. 71, No. 3
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Figure 2. AFM surface images of PSE based on PbS films chemically deposited in the presence of ammonium iodide (Nel) (@) and
Na,SOs oxidizer (). The insets show bar charts of grain size distribution in 5 x 5 um scans.

deposited in the presence of ammonium iodide observed on
the AFM images are approximately 2.6 lower than those
observed when the oxidizer is used.

In the PSE structures based on iodine-doped lead sulfide,
increase in the short-wavelength sensitivity was detected.
This increase affects the overall increase in the integral
sensitivity due to the presence of nanorange particles in
them (Figure 2,a). This agrees with results obtained for
PbS colloidal quantum dot nanostructures [53].

The next important research stage included investigation
of elemental composition variation over the depth of PSE
based on PbS films doped either with ammonium iodide or
oxidizer.

Electron probe microanalysis provides information from a
600 x 600 um film surface. Another two independent tech-
niques were used for more accurate analysis: transmission
electron microscopy (TEM) providing a detailed image of
film surface and detailed information concerning the pres-
ence of separate atoms, and Auger electron spectroscopy
with layer-by-layer etching, thus the element distribution
over the sample depth can be built.

Electron microscopy cross-section images of two PSE
based on PbS thin films chemically deposited from reaction
batch containing, besides the main reagents, the NH4l
additive (a) or a typical commercial structure with oxidizer
added to the reaction bath (b), are shown in Figure 3.

Light shade in Figure 3 corresponds to light-weight
elements (these are primarily O and C) and dark shade
indicates the presence of heavier elements (S, Pb and Pt).
It is important to emphasize that the final cross-section
microphotographs are significantly affected by the way in
which the sample cross-section was prepared, however, the
given images can be considered typical for the groups

Technical Physics, 2026, Vol. 71, No. 3

SIOZ ) .:

100 nm
Figure 3. Electron microscopy (TEM) cross-section images of

PSE based on PbS films chemically deposited with NH4I (a) or
an oxidizer (b) added to the reaction bath [30,31].

of film structures of interest. The presence of oxygen-
containing impurities detected by high resolution TEM on
the crystallite surface of the PbS film samples is caused
by oxidation of the crystallites. The presence of oxygen
at the film-substrate interface is attributed to formation
of Pb(OH), crystallization centers, which is proved by
the thermodynamic assessment of the boundary conditions
of PbS and Pb(OH), formation in the used reaction
mixture [51].

Lighter areas within the studied structure (Figure 3,a)
indicate that there are PbSO4, PbO and other oxygen-
containing compounds, formation of which during depo-
sition of PbS structures was proved in [50,54]. Note that
such oxygen is not necessarily active, ie. influencing the
concentration of holes (as p-type traps) , but introduction
of oxygen (isoelectronic acceptor) can lead not only to
the impact on the hole lifetime, but also to crystal lattice
deformation. Due to a large difference in sizes (atom
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radii ag = 60 (48) pm for oxygen and 127pm for sulfur
with covalent radii of 73 pm and 102 pm, respectively) and
electronegativities (3.44 for oxygen and 2.58 for sulfur on
the Pauling scale), the O-S pair forms an OS center [55].
Such center implies that new localized levels occur near
the bottom of the conduction band, and causes a change in
the PbS band structure when the concentration of impurity
increases a little. Thus, the equilibrium between anions and
cations can still exist, when there is sulfur deficiency, due
to oxygen built in the PbS structure.

The main difference in the PbS film PSEs is in the
thickness of oxygen-containing interlayers between crystal-
lites. Iodide introduction into the structure presumably
changes the film growth process in such a way that oxygen-
containing interlayers almost disappear (their thickness is
less than 5nm). Interlayers between crystallites are much
thicker (up to 50nm) in the microphotograph of the typical
PbS sample obtained in the presence of oxidizer in the
reaction bath (Figure 3,b). From the microphotographs of
the studied PbS film PSE (with NH4I), it can be suggested
that there are virtually no obstacles in the form of oxide
barriers (or they are tunnel-transparent) for passage of
majority carriers — holes to contacts, while the concen-
tration of holes related to OCI (p;) decreases. Thus, there
are two opposite processes: decrease in the concentration
of majority carriers and increase in the majority carrier
mobility. These processes compensate each other, and the
sensitivity and specific detectivity grow due to a significant
increase in the carrier lifetime.

However, TEM cannot answer the question about iodine
localization because charge numbers of iodine (Z; = 53)
and lead sulfide ((Z; + Zpp)/2 =49) are close to each
other and therefore are hard to distinguish by the color
background on a microphotograph.

For elemental analysis directly on the cross-section, a
sample with the highest relative concentration of iodine
as shown in the table was selected from the test group.
Figure 4 shows the depth variation of the averaged ele-
mental composition and a cross-section microimage (inset)
made using the high-angle annular dark-field detector
(Z%-contrast), where lighter shades correspond to heavy
elements (colors opposite those shown in Figure 3, a; the
arrow shows a composition scanning direction).

Consider the characteristics of the distribution of main
elements over the sample depth taking into account the
spread of percentage content of the main elements (Fig-
ure 4). In the platinum layer deposited on the sample
surface (from 0 nm to 70-80 nm), a large amount of carbon
(about 37 at.%—60at.%) is observed, which can be caused
by contamination of the material or by Pt deposition tech-
nique. Partial entry of carbon reaching 10 at.%—12at.% can
occur in the PbS film composition from the reaction bath
components, in particular, Pb(CH3COO),, Na;CsH50g and
N,H4CS.

Stoichiometry between lead and sulfur is not met because
the percentage content of lead is higher than that of sulfur:
the amount of Pb varies within 42 at.%—56 at.%, and the
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Figure 4. Variation of the elemental composition in depth of the
PbS film chemically deposited in the presence of NHyl.

amount of S varies within 28 at.%—33 at.%. Film thickness
is estimated by a sharp increase in the oxygen concentration:
for a typical sample from the test group, the growth occurs
at a depth of 370 nm from the surface. Thus, if the deposited
Pt layer (not shown in Figure 4) is subtracted from the total
structure thickness, the film thickness will be approximately
290 nm, which is much smaller than that of typical PbS
samples deposited in the presence of oxidizer in the reaction
bath.

Special focus shall be made on the distribution and
concentration of oxygen and iodine, as noted above, they
can have direct effect on the photovoltaic properties of
PSE. Thus, oxygen distribution throughout the PbS structure
thickness is nonuniform: concentration varies from 2 at.%
to 13at.%. For typical films produced using an oxidizer
as a precursor, relative concentration of oxygen is lower
than 5at.%, which is much smaller than that in the PSE
of interest. In addition, such films contain the same
amount of lead and sulfur — approximately 40 at.%, and the
concentration of carbon contaminations is up to 20 at.% [31].

We proceed to discussing the role of iodine in the thin
films of interest. As shown in Figure 4, concentration
of iodine atoms (color filled) is unsteady over the PSE
thickness. For the given sample, iodine concentration is
within 1 at.%—3 at.% in the most part of the sample from the
surface to the depth of 200 — 240 nm. At a larger depth, its
concentration grows up to 4 at.%—6 at.% and remains at this
level to the substrate. Thus, iodine-containing compounds
are concentrated mainly at the substrate.

Difference in the content of iodine for experimental
data obtained from electron microprobe analysis using a
scanning-electron microscope and TEM is defined by the
level of locality of the used research method. Locality
for TEM is small, therefore data in various regions of an
individual grain of the structure can be seen. For the
scanning-electron microscopy case, the area of study is large
and data result from integral information collection over the
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Figure 5. Panoramic Auger spectrum of the photosensitive
element surface.

volume of test sample, ie. the result is averaged between
1 at.%.—3 at.%. and 4 at.%.—6 at.%.

For more detailed study of iodine and oxygen localization
in the surface layer and at some depth, the Auger electron
spectroscopy method was used. For this study, a sample
with the lowest concentration of iodine (according to the
electron microprobe analysis results) was taken.

The panoramic spectrum measured on the photosensitive
element surface (Figure 5) didn’t identify the presence
of iodine. A high carbon peak is caused by surface
contamination. Such spectrum was observed earlier for
samples only with oxidants, i.e. without using NHy4I [56].

Figure 6,a shows differential Auger spectra for the test
sample after Smin of etching compared with the iodine
spectrum from JEOL database. The obtained experimental
peaks in the medium energy region correspond to iodine
MNN [57]. It is important to emphasize that they are
displayed only after a minute of etching. Analysis of the
Auger spectra measured at different etching times made it
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possible to specify iodine and oxygen distribution over the
film depth (Figure 6, b).

Analysis in Figure 6,a proves that the sensitive layer
simultaneously contains both elements (iodine and oxygen),
and the highest relative concentration of iodine was about
0.31 at.%.—0.36 at.% during etching in the range from 2.5
to 50min, ie. at the substrate interface. Thus, the
given layer was formed during the first deposition minutes
and facilitated the transition from the n-type to p-type
of conductivity. This study method is local. Therefore,
there are deviations from the data obtained by the electron
microprobe analysis method.

The composition analysis results suggest that iodine-
containing compounds are formed mainly at the initial film
deposition stage. The data are in agreement with the
assumption made in [48] concerning the above-mentioned
self-compensation in the studied structures.

Conclusion

The paper provides experimental data for formation of
photosensitive elements on the basis of PbS obtained via
chemical deposition with varying concentration of ammo-
nium iodide (NH4l) added as a precursor to the reaction
bath. The findings provide new details regarding the possible
causes of increasing PSE signal at low frequencies (up to
800 Hz) compared with film structures obtained using only
oxidizers (without NHy4I).

It has been identified that the presence of ammonium
iodide in the reaction bath led to a decrease in the film
thickness, which is undesirable because it reduces the signal
in the long-wavelength region (,,uniform absorption” region
throughout the film thickness), but led to an increase in
the signal in the short-wavelength region due to an increase
in the amount of smaller grains (100—350 nm) up to 75%
and growth of nanoparticle fraction (smaller than 100 nm)
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Figure 6. Peaks of differential Auger spectra of iodine MNN after 5 min of etching compared with JEOL database («) and dependence
of the iodine and oxygen concentrations over the depth of iodine-doped PbS film on the etching time (b).

16 Technical Physics, 2026, Vol. 71, No. 3



562

K.S. Makaruk, B.N. Miroshnikov, A.D. Barinov, A.l. Popov, I.N. Miroshnikova,...

to 3 % compared with commerecial structures obtained when
using oxidizers.

High-resolution TEM methods was used to find that due
to the presence of iodine in the structure of studied PSE
(with NHyI), there are virtually no OCI between individual
crystallites or OCI are tunnel-transparent. Therefore, charge
carriers can reach the contacts without changing their path
at a constant electric field strength, leading to an increase in
mobility compared with typical structures with an oxidizer.

Reduction of OCI at grain boundaries is followed by
increase in the oxygen concentration in grains themselves
(2at.%.—13at.%). Certainly, not all oxygen turns out to
be active, but the presence of oxygen can affect both a
change in the concentration of free holes (concentration of
holes related to OCI (p;)) and a possible deformation of
crystal lattice due to the oxygen that is an isoelectronic
impurity and can substitute sulfur atoms. Oxygen built
in the lattice is an acceptor, which leads to an increase
in the hole lifetime. It has been found that compounds
with oxygen and iodine formed in lower film layers (at the
initial deposition stage) increase the lifetime of one group
of carriers, which agrees well with the appearance of the
second time constant registered by the photoconductivity
relaxation time.

The provided findings expand the concept of photocon-
ductivity mechanisms for complex polycrystalline structures,
which include PbS-based PSE, and allow modification of the
chemical process for certain EOS.
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