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Properties of polycrystalline CdS layers, employed in formation of the CdS-Cu
2
S heterostructures, have been studied by

combining contactless techniques of the time and spectrally resolved photoluminescence (TR-PL) spectroscopy and microwave-
probed photoconductivity (MW-PC) transients. The confocal microscopy has been employed to correlate the homogeneity of
photoluminescence and grain size in CdS layers. Three types of samples with crystallite grain size of <1 𝜇m (the I-type) and of 2–
10 𝜇m of homogeneous (II-type) and inhomogeneous (III-type) grain distribution have been separated. The simultaneous record
of MW-PC and TR-PL responses ensures the same sampling area on the layer under investigation, as both (MW-PC and TR-
PL) signals are generated by the same UV laser excitation beam. Two PL bands peaked at 500 and 700 nm were revealed. It has
been demonstrated that photoluminescence intensity strongly depends on the properties of the polycrystalline 15–26𝜇m thick CdS
layers with equilibrium carrier density of about 1.5 × 1013 cm−3, which serve as the substrates to form CdS-Cu

2
S junctions. The

different carrier decay components were ascribed to different microareas with characteristic MW-PC and PL decay lifetimes of
2–10 ns, ascribed to microcrystallites with PL instantaneous decay lifetimes of 40–200 ns, and MW-PC decay lifetimes in the range
of 100–1000 𝜇s attributed to the inter-crystallite areas of CdS polycrystalline material.

1. Introduction

The CdS and Cu
2
S compounds are of great interest owing to

their unique properties in variation of composition and their
potential applications in numerous fields [1, 2], such as sensor
elements in X-ray imaging devices [3], solar cells [4], and
super ionic conductors, photodetectors, and photothermal
converters [5–9]. Cadmium sulfide CdS is also widely used
as a promising material in applications of solar cells [10, 11].
Much research interest comprises the possible applications
of CdS in fabrication of various optoelectronic devices
[10] based on CdS polycrystalline films. The CdS films are
obtained by various methods to form layers with optimized
efficiency, using techniques of deposition in vacuum [11], of
thermal evaporation [12, 13], sputtering [14], chemical spray-
ing [15], silk screen printing, sintering, chemical printing,
and electrophoretic deposition [4, 11, 16]. Formation of CdS-
Cu
2
S heterojunction structures is usually implemented by

wet dipping of the pre-etched evaporated in vacuumCdS film
into a hot solution of CuCl [17].

In this work, the CdS polycrystalline films, exploited
for formation of the CdS-Cu

2
S heterojunctions, have been

studied. The CdS layer serves as a substrate for deposition
of Cu

2
S emitter. CdS layer also makes a base region within

CdS-Cu
2
S heterojunction. The previous study of these CdS-

Cu
2
S layered structures show that the parameters of effective

doping, of crystalline precipitates, of capacitance characteris-
tics, and of introduced traps spectrum considerably changes
[18, 19], depending on layer deposition regimes, in respect
of thermal and exposure processes. Thus, characterization
of the carrier recombination channels and carrier decay
rates is important in understanding and manipulation of the
junction structures. Intercrystallite volumes of disordered
structure within the polycrystalline CdS material cause the
effect of photoinduced modulation of junction potential
barrier. This determines a percolative carrier transport due
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to a system of disordered distribution of size and location
of the microcrystals. The disordered material surrounding
volumes of crystallites leads to the stretched exponential
relaxation (SER) of the density of excess carriers. Study of
these relaxation processes allows one to estimate and to
compare the disorder specific parameters of various samples.
The radiative and nonradiative recombination channels in
crystallites have been examined by simultaneous sampling
of the photoconductivity and photoluminescence transients
attributed to the same local area within polycrystalline CdS
layer.These investigations have been combined with confocal
microscopy imaging (CMI) to correlate crystallite size and
their density with distribution of the luminescence intensity.

The confocal microscopy imaging (CMI) combined with
PL spectroscopy enabled us to correlate the homogeneity of
photoluminescence and the grain size in CdS layers. Three
types of 15–26𝜇m thick polycrystalline CdS samples with
crystallite grain size of <1𝜇m (the I-type) and of 2–10 𝜇m of
quasihomogeneous (II-type) and inhomogeneous (III-type)
grain distribution have been separated. The simultaneous
record of MW-PC and TR-PL responses ensures the same
sampling area on the layer under investigation, as both (MW-
PC and TR-PL) signals are generated by the same UV laser
excitation beam. Two spectral bands of photoluminescence
have been observed within all types of samples: a narrower
band of green luminescence (G-PL) peaked at 500 nm, which
can be associated with interband radiative recombination,
and a wider spectral band of red luminescence (R-PL) with a
peak at 700 nm, which can be ascribed to deep trap mediated
radiative transitions. Duration of the initialMW-PC transient
component with instantaneous decay lifetimes of 2–10 ns is in
the same time-scale with G-PL decay.Themicrowave-probed
photoconductivity transients with asymptotic instantaneous
decay lifetimes in the range of 100–1000𝜇s exhibited carrier
decay components associated with carrier decay within the
disordered material surrounding microcrystals in the CdS
polycrystalline layer. The different carrier decay components
were ascribed to differentmicroareas: the characteristicMW-
PC and PL decay lifetimes of 2–10 ns are ascribed to the
microcrystallites; the PL instantaneous decay lifetimes of 40–
200 ns and MW-PC decay lifetimes in the range of 100–
1000𝜇s are attributed to the intercrystallite areas of CdS
polycrystalline material. The R-PL peaked at 700 nm can be
ascribed to centres with activation energy 𝐸A,DL = 1.75 eV
which is in good agreement with that 𝐸DL = 1.65 ± 0.04 eV
extracted from photoionization spectra recorded on the same
CdS samples. The observed differences of MW-PC transients
have been explained by larger volumes of microcrystals in
II- and III-type samples. Owing to the larger volumes (and
ratio of bulk material to crystallite surface) of microcrys-
tals in II- and III-type samples, as observed in confocal
microscopy images, the radiative (G-PL) interband recombi-
nation efficiency is elevated in II- and III-type samples.These
observations imply that processes of radiative recombination,
during rather long time of about 200 ns, contemporize also in
microcrystals surrounding structure by exchange of carriers
between microcrystals and their boundary area. This has
been explained by excess carrier density accelerated radiative
recombination through trap levels, assuming a nonradiative

capture of carriers before radiative transition and a barrier
modified radiative recombination. It has been deduced that
barrier widens and sinks with increase of excess carrier den-
sity, and thereby energy of emitted photons decreases. It has
been inferred that samples of the II-type and the III-type are
structurally similar, and that samples of the I-type possess a
distinguishably disordered structure. Spatial inhomogeneity,
caused by dislocations and other extended imperfections
located within these periphery areas surrounding microcrys-
tals, determines carrier recombination and transport features.
Excess carriers, brought to the periphery areas containing
space charge regions, are separated by space charge field,
and their recombination is only mediated by diffusion, owing
to excess carrier density gradients. Carrier capture within
local space-charge region fields seems to be modified by
potential barrier. Screening of this barrier is dependent on
equilibrium and excess carrier density.Thereby, the observed
G-PL peak intensity in different type samples and its spectral
shifts have been explained by variation of carrier densities
in various type polycrystalline structures. Different (fast and
slow) carrier decay components should be ascribed to differ-
ent microareas of CdS polycrystalline material. It has been
confirmed by photoluminescence (PL) microscopy that PL
signal contains a granular structure. Thus, the simultaneous
control of photoconductivity (ascribed to integrated over
excitation beam spot area) and green photoluminescence
(associated with interband recombination within microcrys-
talline volumes) spectrum and time resolved signals can be
a tool to resolve an impact of different microvolumes to
carrier decay parameters. It has been identified from confocal
microscopy imaging that centres of the G-PL and R-PL are
spatially separated for the I- and III-type samples, while
spatial location of these G-PL and R-PL centres nearly coin-
cides for samples of the II-type. The confocal microscopy
images among the CdS polycrystalline layers of different
types imply that themost homogeneous CdS layer is obtained
for the II-type samples, deposited at 260∘C for 75min. While
the PL spectra show that interband recombination within
microcrystals (associated with G-PL) prevails in III-type
samples, deposited at 260∘C for 80min. This is in agreement
with pulsed barrier capacitance (BELIV) characteristics [18],
where the most qualitative CdS-Cu

2
S junctions (with clearly

expressed barrier capacitance and a relatively small leakage
current) were obtained on CdS substrates of the III-type. A
linearization of theMW-PC transient asymptotic component
is possible when using a stretched exponent (SER) approxi-
mation with fractional index 𝛼 different for different types of
CdS structures investigated. Values of the fractional index 𝛼
have been obtained in the range of 𝛼 = 0.16–0.20 for different
samples. It has been inferred from SER analysis that samples
of the II-type and the III-type are structurally similar and are
characterized by fractal factor of 𝑓 ≅ 0.14, and that samples
of the I-type exhibit a distinguishably disordered structure
with fractal factor 𝑓 ≅ 0.17. Value of free-carrier density
of the 𝑛

0
= 1.5 ⋅ 10

13 cm−3 was estimated for junctions of
II- and III-type, and it determines concentration of shallow
impurities. For the I-type samples, equilibrium carrier den-
sity is significantly smaller; thus, junction appeared to be
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fully depleted without external applied voltage.The observed
differences of MW-PC transients can be explained by larger
volumes of micro-crystallites in II- and III-type samples.The
density of deep traps is the smallest in microcrystals of III-
type samples. While, the most homogeneous distribution of
microcrystals has been obtained for the II-type samples.

2. Deposition of Polycrystalline CdS Layers

CdS layers were deposited by evaporation in vacuum of
CdS powder. The deposition rate was about of 0.3 𝜇m/min,
and a glass substrate temperature was held in the range of
220–260∘C during the deposition. The evaporation time was
varied from 60 to 80min to get a thick enough (15–26𝜇m)
CdS layer. The thermal anneal in vacuum at 𝑇 = 450∘C for
30minwas exploited after deposition of CdS layer to perform
the recrystallization of the as-deposited CdS. These thermal
treatments determine an increase of the crystallite size and a
reduction of the crystal defects density [20].

3. Measurement Techniques

Study of electrical features, of X-ray diffraction (XRD) pat-
terns [18], and of deep traps level spectroscopy in CdS-Cu

2
S

structures [19] showed that several types of samples can be
separated.These sample types exhibit different characteristics
dependent on temperature and duration of layer deposition.
These deposition parameters were varied in the range of
220–260∘C of temperatures and durations of 50–80min. The
preliminary observations of the microwave probed photo-
conductivity transients (MW-PC) implied that slow MW-
PC component appears due to carriers brought to periphery
of microcrystals within CdS layer. The different (fast and
slow) carrier decay components were ascribed to different
microareas of CdS polycrystalline material. The obtained
differences among samples relative to the electrical, spectral,
and temporal characteristics were hypothetically ascribed
to lateral inhomogeneity of deposited layers. Therefore,
the simultaneous control of photoconductivity (ascribed to
integrated over excitation beam spot area) and spectrum as
well as time resolved photoluminescence (TR-PL) signals
(associated withmicrocrystalline volumes) have been chosen
as a tool to resolve an impact of different layer microvolumes
on carrier decay. The simultaneous record of MW-PC and
PL responses ensures the same sampling area on the layer
under investigation, as both (MW-PC and TR-PL) signals
are generated by the same UV laser excitation beam. The
time resolved MW-PC and PL (also spectrally dispersed)
measurements were combined with confocal microscopy
imaging (CMI) to relatemicrocrystallite size (fromCMI) and
PL efficiency (spectral) local variations.

A sketch of experimental arrangement, applied in this
work for simultaneous MW-PC and spectrum as well as time
resolved PL measurements is shown in Figure 1.

Transient signals of the MW-PC and of PL have been
synchronously collected and integrated over the same UV
(354 nm) excitation beam spot. A microchip laser STA-1-
TH was employed for pulsed (500 ps) ultraviolet (UV) light
generation of the excess carriers. Intensity of excitation is

varied by spectrally neutral optical filters. The MW-PC res-
ponse has been detected by using a coaxial needle-tip probe
[21]. The registered MW-PC signal is transferred from a
microwave detector to a digital 1 GHz oscilloscope TDS-
5104, equipped with PC computer, where MW-PC transient
is displayed and processed. The PL light is collected from
the area within a bisector between the incident and reflected
UV light beams. The UV filtered PL beam is focused onto
a slit of monochromator. The PL light is dispersed using a
gratingmonochromator.The PL pulsed signal is detected by a
Hamamatsu H10721 photomultiplier. This detected PL signal
is also transferred to another channel of the digital oscillo-
scope Tektronix TDS-5104, where PL transient is displayed
and processed together with MW-PC transient.

The confocal microscopy imaging has been implemented
by using UV continuous-wave laser and microscope Alpha
300-WITec. The spatial distribution of PL intensity within a
fragment of area of the CdS layer was studied on a submi-
crometer scale. For spectral resolution, the microscope was
coupled by an optical fiber with a UHTS 300 spectrometer
followed by a thermoelectrically cooled CCD camera. The
excitation beam of a CW He-Cd laser emitting at 442 nm
was focused onto the sample using a high numerical aperture
(NA = 0.9) objective. This ensured that the in-plane spatial
resolution is approximately 220 nm.

4. Results and Discussion

4.1. Preliminary Sorting of the CdS Polycrystalline Structures.
A barrier evaluation by pulsed linearly increasing voltage
(BELIV) technique [22, 23] was applied to determine the
temporal characteristics of the junction barrier charging and
carrier generation currents within CdS junction base region.
These results are discussed in more detail elsewhere [18, 19],
while the main features are summarized below.

Three types of BELIV transients (Figure 2), associated
with CdS polycrystal formation regimes, have been obtained
over sets of the investigated in dark Cu2S-CdS samples.
The square-wave shape BELIV transients are inherent for
the I-type samples, which were deposited at 𝑇dep= 220∘C
of substrate temperature for 𝑡dep = 60min. These I-type
BELIV transients imply the insulator-specific state of base
material, which lacks of free-carriers. The II-type and III-
type samples are similar, as exhibiting the junction, which
depletion can be modified by external voltage. The main
difference (in respect of the electrical characteristics of these
II- and III-type samples) appears in generation current. For
the II-type samples (𝑇dep = 260∘C, 𝑡dep = 75min), the
generation current component is pronounced within the
rearward wing of transient due to carrier emission from
deep traps. For the III-type samples (𝑇dep = 260

∘C, 𝑡dep =
80min), the barrier charging current peak prevails which is
accompanied with the descending current component due to
charge extraction. The observed differences over the BELIV
transient shapes were explained [18] assuming variation of
relative densities of dopants (which form shallow levels) and
carrier capture centres (associated with rather deep levels).
Value of free-carrier density of more than 1013 cm−3 was
estimated for junctions of II- and III-type, and it determines
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Adjustable 3D stage
positioned by step-actuators

excitation beam

15–26𝜇m thick CdS layer
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(b)

Figure 1: (a) Setup of instrumentation for the simultaneous measurements of the MW-PC and PL spectrum resolved transients. UV laser
beam is properly attenuated by neutral filters and directed on the sample surface for excitation of MW-PC and PL signals.TheMW-PC signal
is collected from the excited area by microwave (MW) coaxial needle-tip antenna and registered by the MW detection system.The PL light is
collected from a bisector between the incident and reflected UV laser beams and filtered (by UV 100%mirror for excitation wavelength) and
focused by quartz lens onto slit of the grating monochromator. The spectrally dispersed PL light transients are registered by photomultiplier.
Both signals are simultaneously recorded at different channels of digital 1 GHz band oscilloscope. (b) A sketch of the sample positioning in
measurements.
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Figure 2: The typical BELIV transients observed in different type
CdS-Cu

2
S junction structures.

concentration of shallow traps. For the I-type samples, a
geometrical capacitance 𝐶

𝑔
can be only evaluated, which was

found to be 𝐶
𝑔
= 3 nF, and this 𝐶

𝑔
value is in agreement

with that value calculated using the independently measured
thickness 𝑑 and probed area S of CdS layer. The Cu

1.96
S,

Cu
1.92

S, Cu
1.81

S, and other modifications together with Cu
2
S

were detected by XRD patterning. The richest XRD pattern
of different phase precipitates was obtained in the samples
of the I-type [18]. Additionally, the capacitance deep level
transient spectroscopy technique modified by using optically
induced conductivity regime (C-DLTS-OP) and photoioniza-
tion spectroscopy (PIS) were applied to identify traps in CdS

layer. These results are presented in detail elsewhere [19]. It
was found that the I-type junction samples contain the richest
structure of traps with different photoionization activation
energies. The II-type and III-type samples exhibit two-three
step structure of the measured PIS spectrum. The C-DLTS-
OP spectra can be recorded only in the samples of II- and
III-type. There, only traps of the majority carriers have been
distinguished within samples of the II- and III- types.

The junction area integrated characteristics of capaci-
tance (BELIV), DLTS, and PIS characteristics on separate
different types of samples are also dependent on spatial
inhomogeneity of deposited layers. This inhomogeneity
was confirmed by examination of the MW-PC transients.
The inhomogeneity appears due to a system of distributed
parameters, when nano-/microcrystalline volumes of rather
perfect crystals are surrounded by disordered material. The
dislocations and other extended imperfections located within
these periphery areas, surrounding microcrystals, determine
carrier trapping, recombination, and percolative transport.
Excess carriers, brought into the periphery areas with space
charge regionswithinCottrell spheres of dislocations, are sep-
arated by space charge field, and their recombination is only
mediated by diffusion, caused by excess carrier density gra-
dients. Thereby, the aim of the present study was to identify a
role of spatial inhomogeneity of CdS polycrystalline material
by time and spectrally resolved carrier decay characteristics.

4.2. Steady-State Photoluminescence Spectra and Confocal
Microscopy Images. The steady-state UV excitation induced
photoluminescence spectra and microscopy images obtained
on CdS samples of the I-type, the II-type, and the III-type
are illustrated in Figures 3, 4, and 5, respectively. Two bands
of photoluminescence have been observed within all types
of samples, namely, a narrower band of green luminescence
(G-PL) with a peak at 500 nm and a wider band of red
luminescence (R-PL) with a peak at 700 nm, Figures 3–5.
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Figure 3: Optical field microscopy image (a), a PL spectrum integrated over inspected area (b), and the topography of the distribution of the
green-light luminescence (c) and of the red-light luminescence (d), respectively, recorded for the CdS sample of the I-type.

It can be noticed, however, that the absolute values of PL
intensity and a ratio between the green PL to the red PL
intensities differ significantly, when comparing PL spectra for
samples of these three types. The ratio 𝑅PL = 𝐼G-PL/𝐼R-PL of
peak intensities obtained for the I-type CdS samples is close
to unity, that is, 𝑅PL-I-type < 1. These ratios are estimated
to be 𝑅PL-II-type ≥ 1 and 𝑅PL-III-type > 1.5, respectively.
Spatial distribution of the 𝐼G-PL and 𝐼R-PL was examined
within microscopy (CMI) scan area by using spectral filters.
It can be noticed within bottom pictures in Figures 3–5 that
spatial distribution of the green PL (G-PL) and red PL (R-PL)
radiative centres is obtained different among all three type
samples; namely, centres of G-PL and R-PL are spatially sepa-
rated for samples of the I- and III-type samples, while location
of these G-PL and R-PL centres nearly coincides for samples
of the II-type. This result confirms the enhanced genera-
tion current in BELIV transients registered for the samples of

the II-type, indicating that deep traps are located in the same
micro-crystallites.

Comparison of the confocal microscopy images and of
the PL spectra among the CdS polycrystalline layers of
different types implies that the most homogeneous CdS layer
is obtained for the II-type samples. The smallest size (≤1𝜇m)
of the micro-crystallites is unveiled for the I-type samples,
while the crystallites within layers of the II-type are the
largest ones (2–10𝜇m), as deduced from CMI. Location of
the G-PL and R-PL centres is obtained to be the closest
for the II-type layers (Figures 3–5). This indicates that traps
responsible for G-R-PL donor-acceptor or band-deep level
radiative recombination aremost homogeneously distributed
in the II-type samples. These observations are in agreement
with BELIV characteristics, where the most qualitative CdS-
Cu
2
S junctions (with clearly expressed barrier capacitance)

were obtained on CdS substrates of the II-type.
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Figure 4: Optical field microscopy image (a), a PL spectrum integrated over inspected area (b), and the topography of the distribution of the
green-light luminescence (c) and of the red-light luminescence (d), respectively, recorded on the CdS sample of the II-type.

4.3. Characteristics of the Photoluminescence and
Photoconductivity Transients

4.3.1. Photoluminescence Quenching Effects. The simultane-
ously measured transients of photoluminescence (PL) and
photoconductivity (MW-PC) under different background
illumination are illustrated in Figure 6(a). The reversible
luminescence photoquenching effect (PL-PQ) has been
clearly observed, as a decrease of PL intensity with enhance-
ment of the background illumination. In these experiments
different bias illumination regimes, together with UV exci-
tation of PL, have been implemented by carrying out mea-
surements in dark, at room lighting and under illumination
with incandescent lamp. The photoconductivity transients
(Figure 6(a)), however, show nearly invariant excess carrier
decay (MW-PC transient) shape. Two-componential MW-
PC transients with fast initial component and a longtail are
inherent for all the investigated types of samples. Duration of

the initial MW-PC transient component is in the same time-
scale (of several nanoseconds) with PL decay. However, the
long-tail MW-PC relaxation, obtained by extrapolating this
(MW-PC transient) curve to 𝑡 = 0 represents the nonexpo-
nential decay of excess carrier density due to nonradiative
processes.

The photoluminescence photoquenching effect has been
also resolved for the green CW UV light excited photolu-
minescence band (G-PL) by examination of the confocal
microscopy images, highlighted by comparing PL intensity
obtained without (Figure 6(b)) and with (Figure 6(c)) back-
ground illumination. The intensity of background illumina-
tion was varied using incandescent lamp. Comparison of G-
PL intensity of UV excited PL with and without background
illumination is shown in Figure 6(d). The G-PL islands
(Figure 6(b)), clearly observable within microscopy image
without bias illumination, disappear (Figure 6(c)) when bias
illumination is switched on. The changes of the amplitude of
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Figure 5: Optical field microscopy image (a), a PL spectrum integrated over inspected area (b), and the topography of the distribution of the
green-light luminescence (c) and of the red-light luminescence (d), respectively, recorded on the CdS sample of the III-type.

PL peak are clearly seen for G-PL band, while intensity of
the red PL band slightly increases within a long wavelength
spectral wing. Recovery of a G-PL peak intensity occurs to
be noticeably long at room temperature. Thus, the lumines-
cence photoquenching effect seems to be accompanied with
thermal quenching of PL. These luminescence photo- and
thermal quenching effects are well-known in bulk crystals of
CdS material [24] and are explained by interplay of several
deep traps; those redistribute excess carrier flows among
different radiative and nonradiative recombination centres
within crystalline volumes. A sketch of redistribution of
radiative recombination flows including potential barriers is
presented in Figure 6(e). There, bias illumination modified
(lowered) barrier can be a reason for G-PL quenching. The
green photoluminescence can be ascribed to the nearly inter-
band radiative recombination, assuming the band-gap value
𝐸
𝐺
= 2.42–2.47 eV [25, 26]. Existence of the G-PL within

microcrystalline volumes of the CdS polycrystalline material

and PL-PQ effect imply a complicated interplay of defects
in redistribution of the photopulse excited carriers within
crystalline volumes of CdS.

These changes of the confocal microscopy and PL-PQ
spectroscopy characteristics are more pronounced for the II-
type samples. The G-PL can be associated with interband
radiative transitions observed as PL peaked at ∼500 nm.
A reduction of the G-PL intensity due to PL-PQ deter-
mines a seeming shift of the R-PL peak (Figure 6(d)). Also,
an increase of the steady-state R-PL intensity (within a
long wavelength spectral wing) implies a switch of radiative
electron-hole plasma [26] recombination flow (ascribed to
G-PL) towards R-PL channel (associated with deep traps).
On the basis of deep level parameters for these samples,
resolved by the photoionization (PIS) and thermal-emission
(DLTS) spectroscopy [19], the R-PL peaked at 700 nm can be
ascribed to centres with activation energy 𝐸A,DL = 1.75 eV.
The latter 𝐸A,DL = 1.75 value is in good agreement with that
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𝐸DL = 1.65 ± 0.04 eV [19] (extracted from photoionization
spectra recorded on the same type CdS samples) including
activation barriers within a configurational space [27].

4.3.2. Photoluminescence and Photoconductivity Transients in
Different Type Samples. Complicated redistribution of excess
carriers among the radiative and nonradiative recombination
centres within polycrystalline CdS material is corroborated
by examination of the MW-PC transients (Figure 7). The
isomorphic MW-PC transients (within semilog plot) over
wide range of time displays from nanosecond (top axis in
Figure 7(a)) tomillisecond (bottom axis in Figure 7(a)) scales
have been observed. The invariant shape transients (seeming
as two-componential) for different display time-scales imply
entirely nonexponential carrier decay process, whenMW-PC
signal is integrated over excitation laser beam spot area.

Actually, theMW-PC transients represent a sum of excess
carrier densities decay through both radiative (PL) and
nonradiative (𝑛ex,as) recombination, averaged over excitation
spot area. The asymptotic decay component (𝑛ex,as) can be
rather precisely simulated using stretched exponent model
𝑛ex,as(𝑡) = 𝑛ex,as(𝑡 = 0) exp[−(𝑡/𝜏se)

𝛼
], with fractional index

𝛼 and specific time-constant 𝜏se parameters, when a peak
amplitude is normalized to unity (𝑛ex,as(𝑡)|normalized =
exp[−(𝑡/𝜏se)

𝛼
]), Figure 7(b). Extrapolating the fitted 𝑛ex,as(𝑡)

to the initial instant (𝑡 = 0, ascribed to the MW-PC initial
peak) of the experimental MW-PC transient (𝑈MW-PC(𝑡)),
a 𝑛ex,PL(𝑡) density of excess carriers decaying by radiative
transitions (as a differential between the initial and asymp-
totic components) can be evaluated. The simulated ratio
𝑛ex,PL(𝑡)/𝑛ex,PL(0) = {𝑈MW-PC(𝑡)/𝑈MW-PC(0)} − exp[−(𝑡/𝜏se)

𝛼
]

is compared with experimental PL transient within an inset
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exponent from the experimental decay curve) and MW-PC (simulated stretched exponent relaxation) with experimental ones.

of Figure 7(b). It can be deduced from Figure 7(b) that the
simulated main components of theMW-PC transient, shown
in Figure 7(a), fit well the experimental MW-PC and PL
transients, simultaneously measured on the same sample.

A comparison of MW-PC and PL transients obtained
in different type CdS samples is presented in Figure 8. It
can be noticed that the initial carrier decay rate through
the nonradiative recombination channels, highlighted within
MW-PC transients, is faster in samples of I-type containing
the lowest equilibrium carrier density. While an amplitude
of the asymptotic relaxation for I-type sample is larger than
that for II- and III-type samples. The observed differences
of MW-PC transients can be explained by larger volumes of
microcrystals in II- and III-type samples. Owing to the larger
volumes (and ratio of bulk material to crystallite surface)
of microcrystals in II- and III-type samples, as observed
in confocal microscopy images, Figures 3–5, the radiative
(G-PL) interband recombination efficiency is elevated in II-
and III-type samples. The radiative interband recombination
seems to be responsible for the fast initial decay compo-
nent.

Excess carrier decay at microcrystal boundaries and
within disordered structure surrounding the microcrystals
appears through carrier capture limited random-walk. The
latter process leads to the stretched exponent inherent
behaviour of carrier density relaxation. The rate of asymp-
totic carrier density changes (Figure 8(b)) depends on the
structure of disordered material, which is characterized by
the fractional index 𝛼 and by a specific stretched exponent
lifetime 𝜏se. The PL transients also exhibit different initial
(Figure 8(c)) and asymptotic (Figure 8(d)) PL relaxation.

The slowest initial PL decay is again observed in I-type
samples. While asymptotic PL relaxation is inherent for all
the investigated types ofCdS samples, but rate of carrier decay
within this asymptotic relaxation component is different for
various types of samples. These observations imply that pro-
cesses of radiative recombination, during rather long time of
about 200 ns (Figure 8(d)), contemporize also in microcrys-
tals surrounding structure by exchange of carriers between
microcrystals and their boundary area. The asymptotic tail
of PL transients (Figure 8(d)) can be also associated with PL
spectrum changes under varied excitation density (Figure 9).
The G-PL photoquenching is clearly expressed for all types of
samples. A shift ofG-PL peak intensity to the longwavelength
(R-PL) wing peak intensity appears also with increase of
pulsed excitation density (Figure 9).

This can be explained by excess carrier density accelerated
radiative recombination through trap levels, assuming a
nonradiative capture of carriers before radiative transition.
Here, a barrier inherent behaviour of carrier transport medi-
ated radiative recombination can also be implied. It can
be assumed that barrier widens and sinks with increase of
excess carrier density, and thereby energy of emitted photons
decreases. Such a behaviour can be explained by barrier
existence for different recombination counter-partners, that
is, holes and electrons involved [26]. On the other hand,
these PL spectral shifts, accompanied by PL photoquenching,
can be alternatively explained through processes governed by
interplay of point traps [24]. Here, the switch of recombina-
tion flow from deeper trap to shallower one (being, 𝑟 and 𝑠
centres in nomenclature of [24, 28]) is the main reason of
spectral changes.
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Figure 8: Comparison of theMW-PC initial (a) and asymptotic (b) decays correlatedwithG-PL of the initial (c) and asymptotic (d) relaxation
components in polycrystalline layers of I-, II-, and III-type samples of CdS material.

Dependence of the asymptotic PL component on sample
type is confirmed by the MW-PC transients recorded for
different type samples (Figure 10). This dependence can be
roughly estimated (Figure 10(a)) by analysis of the ratio of the
amplitudes 𝑟asti = 𝑈as/𝑈in, using values of the asymptotic 𝑈as
relaxation, extrapolated to the initial decay moment (𝑡 = 0),
and that of the initial decay peak 𝑈in. The smallest 𝑟asti ratio
has been obtained for II-type samples, while this ratio 𝑟asti is
the largest for the I-type samples.The large relative amplitude
𝑈as indicates the enhanced role of the disorder, where excess
carrier nonradiative recombination is governed by carrier
random-walk transport.The smaller 𝑟asti is, the most efficient

integral PL efficiency is obtained. There, carrier recombina-
tion within micro-crystallites prevails within initial compo-
nent of MW-PC transient.

4.3.3. Stretched Exponential Relaxation of Photoconductiv-
ity. A linearization of the 𝑈as within MW-PC transients
is possible when using a stretched exponent approximation;
for example, [29, 30] 𝑛ex(𝑡) = 𝑛ex(𝑡 = 0) exp[−(𝑡/𝜏se)

𝛼
],

with fractional index 𝛼. Such a display of a MW-PC tran-
sient is illustrated in Figure 10(b). Fractional index 𝛼 is
obtained from a linear fit of 𝑈as(𝑡) variations using a plot
of the double logarithm for normalized 𝑈as values versus
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a logarithm of time, that is, ln(ln(𝑈MWR(0)/𝑈MWR(𝑡))) versus
ln(𝑡). Values of 𝛼 can then be associated with material
disorder characteristics, such as scaling exponents 𝑑

𝑤
, 𝑑
𝑓
, 𝜁

[31, 32]. Additionally a fractal factor 𝑓, defined as a measure
of compression of configuration space, can be employed in
analysis of the fractional index 𝛼. These parameters had been
introduced within axiomatic Scher-Lax-Phillips (SLP) model
[33, 34] which provides an unambiguous way to interpret
experimental results. This approach has been exploited in
analysis of the microwave probed photoconductivity 𝑈as in
different types of CdS polycrystalline layers in this work.

The SLPmodel provides a straightforward path to analyze
the experimental values of the fractional index 𝛼. This
model is built upon the assumptions that the dissipation of
excitations occurs via a system of fixed randomly distributed
traps, while the system ismicroscopically homogenous. From
here it follows that in the asymptotic limit the system exhibits
SER with the fractional index defined as 𝛼 = 𝑑/(𝑑 + 2),
where 𝑑 denotes the dimensionality.Then, it is supposed that
in some cases the relaxation dynamics is governed by short-
and long-range interactions, which lead to a compression
of configuration space and, consequently, to a more general
definition of 𝛼; that is, 𝛼 = 𝑑∗/(𝑑∗ + 2), where 𝑑∗ = 𝑓𝑑
is the effective dimensionality. In a wide variety of glasses,
𝑓 is usually equal to 1 or 1/2, being specific values to short-
range and mixed short- and long-range forces, respectively.
However, for polycrystalline materials 𝑓 can attain even
smaller values [34], since a large part of the effective degrees
of freedom is inactive due to clustering. Values of fractional
index 𝛼 and fractal factor 𝑓 for samples of various types,
obtained from curves depicted in Figure 10(b), are presented

Table 1: Parameters of disorder in samples of different type.

Parameter Sample type
I-type II-type III-type

𝛼 0.20 0.16 0.17
𝑓 0.17 0.13 0.14

in Table 1. From these results, it can be inferred that samples
of the II-type and the III-type are structurally similar, and that
samples of the I-type possess a distinguishably disordered
structure.

4.4. Discussion. The performed study of the CdS polycrys-
talline material layers by applying combination of different
techniques enabled us to separate a few types of samples
those differ in density of doping and carrier capture centres.
The parameters of the CdS substrate (base) layer and the
heterojunction extracted by using different techniques are
summarized in Table 2. The samples had been sorted into
three types according to differences in BELIV transient
shapes (Figure 2), which were identified assuming variation
of relative densities of dopants and carrier capture, caused by
slight changes of layer deposition regimes.Thedark resistivity
is very large in samples of the I-type due to a lack of free-
carriers; thus, junction appeared to be fully depleted without
external applied voltage. The enhanced dark resistance can
be explained by the large density of traps which considerably
exceeds the density of dopants. Value of free-carrier density
of the 𝑛

0
= 1.5×10

13 cm−3 is estimated for junctions of II- and
III-type, and it determines concentration of shallow traps.

Spatial inhomogeneity, caused by dislocations and other
extended imperfections located within these periphery areas
surrounding microcrystals, determines carrier recombina-
tion and transport features. Excess carriers, brought to
the periphery areas containing space charge regions, are
separated by space charge field, and their recombination is
only mediated by diffusion, owing to excess carrier density
gradients. Carrier capture within local space-charge region
fields seems to be potential barrier modified. Screening of
this barrier is dependent on equilibrium and excess carrier
density. Thereby, the observed G-PL peak intensity in differ-
ent type samples and its spectral shifts can be explained by
variation of carrier densities in various type polycrystalline
structures.

Different (fast and slow) carrier decay components
should be ascribed to different microareas of CdS polycrys-
talline material. It has been confirmed by photoluminescence
(PL) microscopy that PL signal contains a granular struc-
ture. Thus, the simultaneous control of photoconductivity
(ascribed to integrated over excitation beam spot area)
and green photoluminescence (associated with interband
recombination within micro-crystalline volumes) spectrum
and time resolved signals can be a tool to resolve an impact
of different microvolumes to carrier decay parameters.

Two spectral bands of photoluminescence have been
observed within all types of samples: a narrower band of
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Figure 10: Comparison of the MW-PC transients recorded in I- to III-types of CdS samples at 354 nm wavelength pulsed excitation (a), and
display of transients in the stretched exponent scale (b).

green luminescence peaked at 500 nm, which can be asso-
ciated with interband radiative recombination and a wider
spectral band of red luminescence with a peak at 700 nm,
which can be ascribed to deep trap mediated radiative
transitions. The ratio between the green PL to the red PL
intensities, as 𝑅PL = 𝐼G-PL/𝐼R-PL, is found to be 𝑅PL-I-type <
1 for the I-type CdS samples, while values of this ratio
are estimated to be 𝑅PL-II-type ≥ 1 and 𝑅PL-III-type > 1.5,
respectively. Centres of G-PL andR-PL are spatially separated
for the I- and III-type samples, while value 𝑅PL-III-type >
1.5 indicates the smallest density of deep traps in III-type
samples. Spatial location of these G-PL and R-PL centres
nearly coincides with samples of the II-type, as identified
from images in Figures 3–5.

The confocal microscopy images among the CdS poly-
crystalline layers of different types imply that the most
homogeneous CdS layer is obtained for the II-type samples,
deposited at260∘C for 75min.While the PL spectra show that
interband recombination within microcrystals (associated
with G-PL) prevails in III-type samples, deposited at 260∘C
for 80min. This is in agreement with BELIV characteristics,
where the most qualitative CdS-Cu

2
S junctions (with clearly

expressed barrier capacitance and a relatively small leakage
current) were obtained on CdS substrates of the III-type.

The photoluminescence photoquenching effect has been
clearly observed (Figures 6 and 9). The photoluminescence
photoquenching effect has been ascribed to the micro-
crystalline areas within polycrystalline CdS material and
resolved for the green photoluminescence band (G-PL) by
examination of the confocal microscopy images without
and with background illumination, using incandescent lamp.
Existence of the G-PL within microcrystalline volumes of
the CdS polycrystalline material and PL-PQ effect imply

a complicated interplay of defects in redistribution of the
photopulse excited carriers over crystallites. The PL-PQ
effect is more pronounced for the II-type samples. This
can be explained by competition and interplay of radiative
and nonradiative recombination centres in redistribution of
carrier flows, locatedwithin the same crystalline volumes. For
all the investigated types of samples, a shift of PL peak appears
with decrease of excitation density (Figure 9). This implies
a barrier specific behaviour of carrier transport to radiative
recombination centres.

Two-componential MW-PC transients with fast initial
component and a nonexponential long tail are inherent for
all the investigated types of samples, and this is a feature
of the polycrystalline structure. Duration of the initial MW-
PC transient component is in the same time-scale (of several
nanoseconds) with G-PL decay; thus, it represents carrier
density relaxation within crystalline volumes. Only rather
small part of excess carriers is shared within radiative recom-
bination processes, observable in PL signal changes. The
radiative recombination processes represent the excess car-
rier density changes within microcrystals, and thereby the
time-scale of the initial MW-PC (𝑈in as a sum of PL and
nonradiative recombination, incorporated within 𝑈as) and
of G-PL signals coincide. The MW-PC response amplitude
is proportional to the whole density of excess carriers.
Thus, ratio of amplitudes 𝑟asti = 𝑈as/𝑈in of the MW-PC
relaxation components can be a measure for carrier densities
decaying within microcrystals and surrounding volume of
CdS polycrystals investigated (Figures 7, 9, and 10). The
observed differences of MW-PC transients, when comparing
different type samples, can be explained by largest volumes
(proven by CMI) of microcrystals in the II-type samples.The
excess carriers decay within microcrystals through radiative
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Table 2: Parameters of different type CdS samples.

Parameter
Sample type

I-type II-type III-type

Technological regime 𝑇dep = 220 ∘C
𝑡dep = 60min

𝑇dep = 260 ∘C
𝑡dep = 75min

𝑇dep = 260 ∘C
𝑡dep = 80min

Equilibrium density of carriers (CdS base) 𝑛
0
<< 1013 cm−3 𝑛

0
≥ 1.5 × 1013 cm−3 𝑛

0
≥ 1.5 × 1013 cm−3

Cu2S-CdS heterostructure
(pulsed capacitance-BELIV)

Capacitor-like [18],
insulator-specific state
of CdS base material

Junction-like [18],
generation current
component in CdS
base is pronounced

Junction-like [18],
barrier charging
current prevails

Activation energy of the dominant traps
(DLTS, PIS)

n/a
Δ𝐸PIS [19]

1.17 ± 0.02 eV;
1.65 ± 0.02 eV;
2.19 ± 0.04 eV

Δ𝐸DSLTS [19]
0.22 ± 0.02 eV;
0.40 ± 0.02 eV;
Δ𝐸PIS [19]

1.21 ± 0.02 eV;
1.56 ± 0.02 eV;
2.19 ± 0.04 eV

Δ𝐸DSLTS [19]
0.22 ± 0.02 eV;
0.31 ± 0.02 eV;
Δ𝐸PIS [19]

1.19 ± 0.02 eV;
1.62 ± 0.02 eV;
2.19 ± 0.04 eV

Grain size/homogeneity of distribution
crystal grains in CdS substrate (MCI)

<1 𝜇m
inhomogeneous

2–10 𝜇m
homogeneous

2–10 𝜇m
inhomogeneous

Instantaneous lifetime of the initial decay
(MW-PC) 3 ns 5 ns 10 ns

Instantaneous lifetime of the asymptotic
decay (MW-PC) >100𝜇s >800 𝜇s >400 𝜇s

Ratio of the amplitudes of the asymptotic to
the initial MW-PC decay 𝑟asti = 𝑈as/𝑈in 𝑡=0

0.25 0.01 0.04

Instantaneous lifetime of the initial PL decay
G-PL peaked at 500 nm (TR-PL)

5 ns
PL photo-quenching

observable

2 ns
the strongest PL
photo-quenching

2 ns
strong PL

photo-quenching
Instantaneous lifetime of the asymptotic
decay for R-PL peaked at 700 nm (TR-PL) n/a 40 ns 150 ns

Ratio of the G-PL & R-PL intensities
𝑅PL = 𝐼G-PL/𝐼R-PL (MCI-PLS) <1 ≥1 ≥1.5

Fractional SER index 𝛼 (MW-PC) 0.20 0.16 0.17
Fractal factor 𝑓 (SER) 0.17 0.13 0.14

recombination, is associated with fast initial MW-PC and
PL components. The slower PL and MW-PC relaxation
components can be ascribed to carrier recombination within
microcrystals and their diffusion to microcrystal boundary.

A linearization of MW-PC transients is possible when
using a stretched exponent approximation, 𝑛ex,as(𝑡) =
𝑛ex,as(𝑡 = 0) exp[−(𝑡/𝜏se)

𝛼
], with fractional index 𝛼 different

for different types of CdS structures investigated. Analyzing
values of fractional index 𝛼 obtained in the range of 𝛼 =
0.16–0.20 for different samples and conclusions about the
structural properties of studied polycrystalline layers can be
indirectly drawn. Additionally, the obtained values of 𝛼 <
1 hint on dominance of the anomalous character of excess
carrier transport within a disordered structure of CdS poly-
crystals investigated. It has been inferred that samples of
the II-type and the III-type are structurally similar and are
characterized by fractal factor of𝑓 ≅ 0.14, and that samples of
the I-type exhibit a distinguishably disordered structure with
fractal factor 𝑓 ≅ 0.17.

5. Summary

In summary, the performed study of the CdS polycrystalline
material layers by combining different techniques enabled us
to separate three types of samples, associated with different
density of dopants and carrier capture centres. Value of
free-carrier density of the 𝑛

0
= 1.5 ⋅ 10

13 cm−3 was esti-
mated for junctions of II- and III-type, and it determines
concentration of shallow impurities. For the I-type samples,
equilibrium carrier density is significantly smaller; thus,
junction appeared to be fully depleted without external
applied voltage.

Two spectral bands of photoluminescence have been
observedwithin all types of samples, a narrower spectral band
of green luminescence peaked at 500 nm and a wider band of
red luminescence with a peak at 700 nm. The ratio between
the green PL to the red PL intensities as 𝑅PL = 𝐼G-PL/𝐼R-PL
has been obtained for the I-type CdS samples 𝑅PL-I-type <
1, while these values are estimated to be 𝑅PL-II-type ≥ 1
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and 𝑅PL-III-type > 1.5, respectively. The photoluminescence
photoquenching effect has been ascribed to themicrocrystals
within polycrystallineCdSmaterial.ThePL-PQ effect implies
a complicated interplay of defects in redistribution of the
photopulse excited carriers. The confocal microscopy images
of CdS polycrystalline layers for different type samples
enabled us to conclude that themost homogeneous CdS layer
is obtained for the II-type samples, deposited at 260∘C for
75min. While, in III-type samples deposited at 260∘C for
80min, the PL spectra show that G-PL within microcrystals
prevails the traps ascribed R-PL.

The ratio of amplitudes 𝑟asti = 𝑈as/𝑈in, of the asymptotic
component 𝑈as (extrapolated to 𝑡 = 0) to the initial MW-PC
peak 𝑈in, can be a measure for carrier densities decaying
within microcrystals and intercrystallites volume of CdS
polycrystal. The observed differences of MW-PC transients
can be explained by larger volumes of micro-crystallites in
II- and III-type samples.These observations are corroborated
by microscopy imaging. Additionally, density of deep traps
is the smallest in microcrystals of III-type samples. While
most homogeneous distribution of microcrystals has been
obtained for II-type samples.

A linearization of MW-PC transients can be performed
by using a stretched exponent approximation, with differ-
ent fractional index 𝛼 values for separated types of CdS
structures. The obtained values of 𝛼 = 0.16–0.20 hint on
dominance of the anomalous character of excess carrier
transport within a disordered structure of CdS polycrystals
investigated. It has been inferred that samples of the II-type
and the III-type are structurally similar and characterized by
a fractal factor of 𝑓 ≅ 0.14, and that samples of the I-type
show a distinguishably disordered structure characterized by
the fractal factor 𝑓 ≅ 0.17.
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