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Abstract

Herein PbSe thin films are coated onto glass and semitransparent platinum substrates. The
films which are treated as optoelectronic signal receivers are deposited by the thermal
evaporation technique under a vacuum pressure of 10~> mbar. The structural investigations
have shown that (glass, Pt)/PbSe films are of polycrystalline nature. Optically, Pt substrates
increased the transparency and reflectivity of PbSe films. The energy band gap of PbSe is
also increased by 0.12 eV when films are coated onto Pt substrates. In addition the dielec-
tric constant also increased as a result of strong interaction between Pt plasmonic particles
and lead selenide. On the other hand, fitting of the imaginary part of the dielectric constant
using Drude—Lorentz model has shown that coating of PbSe onto semitransparent Pt sub-
strates increased the drift mobility of lead selenide by four times. Pt substrates resulted in
a decrease in the density of free charge carriers and increases the scattering time constant
at femtosecond levels. (Glass, Pt)/PbSe optoelectronic receivers displayed plasmon fre-
quencies up to~ 13 GHz and showed terahertz cutoff frequency of ~1.0 THz. In addition,
allowing the propagation of an ac signal of low amplitude in the Pt/PbSe/Pt receivers has
shown that the devices exhibit wide range of resistance tunability. The microwave cutoff
frequency also reached 14 GHz. Both of the optical and electrical measurements proved
the suitability of the Pt/PbSe devices for 6G and terahertz communication technologies.

Keywords PbSe - Thermal evaporation - Negative capacitance - Microwave - 6G
technology

< A. F. Qasrawi
atef.qasrawi @aaup.edu; atef.qasrawi @istinye.edu.tr

Department of Physics, College of Science and Art, King Abdulaziz University, Rabigh,

Saudi Arabia

Department of Physics, Arab American University, Jenin, Palestine

Department of Telecommunication Engineering, Arab American University, Jenin 240, Palestine
Department of Electrical and Electronics Engineering, Istinye University, 34010 Istanbul, Turkey

Department of Physics, Faculty of Science, University of Jeddah, Jeddah, Saudi Arabia

Published online: 30 December 2022 ) Springer


http://orcid.org/0000-0001-8193-6975
http://crossmark.crossref.org/dialog/?doi=10.1007/s11082-022-04434-9&domain=pdf

156 Page 2 of 14 M. M. Alkhamisi et al.

1 Introduction

PbSe thin films have attracted the attention of researchers due to their wide range of appli-
cations in communication technology. As for examples, lead selenide-bismuth selenide het-
erojunctions displayed features of high sensitivity and fast response infrared detectors (Ren
et al. 2022). These detectors revealed a current responsivity of 31.4 A/W and showed high
IR detectivity up to 1.7 x10' cmHz"%/W (Ren et al. 2022). In another work PbSe was used
in the design of GeSe/PbSe infrared photoinverter showing a detectivity of 5.8 x10'* jones
and responsivity of 1.26 Vx10%/W (Liu et al. 2022). These devices were found suitable for
applications in spectroscopy and for quick chemical gas sensing (Liu et al. 2022). In addi-
tion, PbSe targets have nuclear applications (Chiera et al. 2022). It is employed for "°Se
neutron capture cross section studies.

PbSe thin films are coated onto metal and semiconductor substrates. The nature of the
substrate strongly alters the properties and performance of the lead selenide films. It is
mentioned that thin films of lead selenide coated onto GaAs substrates undergo in-plane
tensile strain which increases the energy band gap by 10% (Liu et al. 2021). In addition, n
-type PbSe thin films deposited onto p-type Ge substrates resulted in formation of crack
-free monocrystalline lead selenide films (McDowell et al. 2022). Ge/PbSe structures dem-
onstrated a strong pn diodes behavior with high rectifying factor and low reverse bias cur-
rent density nominating it for use as photodetectors and other heterojunction applications
(McDowell et al. 2022).

The sensitivity of the grown PbSe films to the substrate nature motivated us to deposit
these films onto semitransparent Pt substrates. Our recent studies on SeO, thin films coated
onto Pt semitransparent substrates have shown that Pt does not alter the structure of the
SeO, films but increases the light absorbability by 50 times and enhanced the dielectric
performance of selenium oxide (Alfhaid and Qasrawi 2022). The plasmon frequency of
the Pt/SeO, films reached 6.0 GHz. For these reasons, here in this work, we are motivated
to study the optoelectronic properties of the Pt/PbSe films in an attempt to find new class
of applications of lead selenide in optoelectronic technology. One of these optoelectronic
technology components is the optoelectronic signal receiver. Optoelectronic signal receiver
is a device that extracts the baseband signal from a modulated optical carrier signal by
converting incident optical power into electric current. In the current work lead selenide
thin films will be coated onto glass and Pt substrates. The structural, morphological, com-
positional, optical, dielectric and impedance spectroscopy analyses will be carried out to
explore the effect of Pt substrates on the properties of the films. Based on the experimental
measurements the microwave and terahertz cutoff frequency spectra resulting from inci-
dent electromagnetic spectrum are calculated and discussed. Possible applications of the
lead selenide thin films in 6G and terahertz communication technology as optoelectronic
optical receivers will be suggested for the first time.

2 Experimental details

The source material for evaporating lead selenide thin films was PbSe crystals which are
produced by the pulsed laser welding technique. The source material was welded in an
argon atmosphere by mixing 0.25 g of high purity Se (99.999% Alpha-Aeser) with 0.25 g
of high purity Pb (99.999%, Alpha Aeser) powders. The mixture was milled in a ball
mill revolving at 50 rev/s for 5 min. After that the mixed powders were exposed to laser
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irradiation. The pulsed pumping of laser light continued for ~2.0 min. The optimum pulse
width was 50 ms. A laser light of wavelengths of 1064 nm was generated from IWELD
940 laser system. The resulting crystals were then situated in a quartz tube surrounded by
a wounded tungsten coil and inserted into A NORM VCM -600 thermal evaporator. The
glass which is used as substrates to coat Pt and PbSe was ultrasonically and chemically
cleaned. Pt films of thicknesses of 100 nm were prepared by the ion coating technique
from high purity Pt (99.999%) disks. The films were evaporated at a vacuum pressure of
1075 mbar. The produced films thicknesses were determined by a profilometer working in
the range of 5 nm—-100 ym. The produced films are characterized by a X-ray diffraction
unit (Miniflex 600) and COXEM 200 microscope equipped with EDAX energy dispersive
X-ray analyzer. Pt was also used as point contact for the PbSe samples. The optical spec-
troscopy of the films was recorded by Evolution 300 spectrophotometer. The impedance
spectroscopy was recorded with the help of Agilent 4291B 0.01-1.80 GHz impedance

analyzer.

3 Results and discussion

Thin films of lead selenide (500 nm) are coated onto glass and semitransparent Pt sub-
strates of thicknesses of 100 nm. For these films the X-ray diffraction patterns are illus-
trated in Fig. 1. The figure contained sharp patterns indicating the polycrystalline nature of
the films. It is evident from the figure that the most intensive peak which appeared at dif-
fraction angles of 20 = 29.55 for glass/PbSe is shifted to 26 = 29.45° when the same films
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Fig.1 X-ray diffraction patterns for lead selenide films deposited onto glass and semitransparent Pt sub-
strates. The inset showing the enlargement of the most intensive peak
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are coated onto pt substrates. In order to understand the crystallinity of the films, deep anal-
yses using “Crystdiff” software packages were carried out. In accordance with the standard
powder diffraction data for cubic PbSe (lattice parameters are a = b = ¢ = 6.076 A and
symmetry space group of F4m3m (225)) the most intensive peak of 100% relative intensity
should appear at a diffraction angle of 26 = 25.38°. However for our grown films the most
intensive peak revealing 100% appeared at of26 = 29.55°. Compared to the to the JCPDS
card no. 06-0354 which is shown in the same figure, the preferred plane orientation is along
the (002) direction with diffraction angles of28 = 29.55". The calculated lattice parameter
for this unit cell is 6.0336 A. This nature of growth of the films was previously observed
for PbSe in nanoparticle forms (Fu et al. 2012). In addition, as can be seen from the inset
of Fig. 1, coating PbSe films onto Pt substrates shifted the diffraction angles toward lower
diffraction angles and decreased the maximum peak intensity. For the Pt/PbSe films the
lattice constant is 6.0636 A. On the other hand as an important point of consideration, the
hexagonal phase (Ghobadi et al. 2018; Wang et al. 2019; Borren 2014) of lead selenide
(a=b=3.505 A, c=5.664 A, space group: Pg3,,,,. (194)) should display the maximum
peak at diffraction angles of 20 = 29.40° with planes oriented along (002) direction. Thus it
is possible to think that the resulting crystal structure is hexagonal which sharp diffraction
patterns appearing at diffraction angles of 26 = 29.30°31.54°43.59°,52.15°,61.00°,62.17
65.79°,70.37" and73.85’, with plane oriented along (010), (002), (012), (110), (020), (112),
(004), (022), (014), respectively. The peaks of the hexagonal phase which are found in our
experimental data are20 = 29.40°, 52.17° and 61.00". However, as the same peaks appear
in the cubic phase of PbSe then there is no way to decide whether the appearing three XRD
patterns are from cubic or hexagonal planes. However, as the hexagonal phase of lead sele-
nide is rarely observed and the strong reflection planes along (002) direction appearing at
at 20 = 29.55" are previously assigned to cubic phase of lead selenide (Fu et al. 2012; Bhat
et al. 2017) in the following text parts we will assume that the structure is cubic.

It is also evident from Fig. 1 that a one minor peak which is detected at diffrac-
tion angles of 20 = 26.76" relates to tetragonal SeO, ( a=b=8.713 A, ¢=5.203 A space
group: P4,/mbc). The calculated phase weights (A% = 3 100.4 .5/ 2 Auipears A area
of the peak (Qasrawi and Abu Ghannam 2022)) of the cubic PbSe and tetragonal SeO,
were found be 88.64% and 11.36%, respectively. For the samples coated onto Pt substrates
other minor peaks which were assignable to monoclinic Pb,0; (JCPDS File No.89-7387)
were observed. The lattice parameters for monoclinic Pb,0O; are a=5.762 A ,b=7.700 A,
c=7.974 A, , a = 67.089" and space group: P2,c (14). The phase weights of cubic PbSe,
tetragonal SeO, and monoclinic Pb,O; in Pt/PbSe films are 89.69%, 7.00% and 3.31%,
respectively. The data suggest that Pt substrates induced the formation of Pb,0; without
significant effect on the phase weight of cubic PbSe.

It can be seen from the inset shown in Fig. 1 that the maximum peaks of the recorded
XRD patterns is shifted and the intensity is decreased when the PbSe films are deposited
onto transparent Pt substrates. The shifts and peak broadenings are indicators of possible
strain induced structural deformations resulting from the interaction between Pt plasmonic
layers and PbSe (Nasiri-Tabrizi 2014). Strong non-uniform strain is mentioned developing
within the domain of electron—phonon interaction time (Plech et al. 2004). In this process
delocalized plasmon resonance extending over several adjacent particles can result in a
shift of the diffraction patterns due to the shortening of the average distance between the
interacted particles. The shorter distance enhances the coupling field between the inter-
acted particles (Plech et al. 2004). On the other hand benefiting from maximum peak
broadening (/) at full wave half maximum we have calculated the structural parameters.
The structural parameters presented by the lattice constant (a), the crystallite sizes
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(SF%= T (Qasrawi and Abu Ghannam 2022)) and the defects density (6 = — (Qas

rawi and Abu Ghannam 2022)) are calculated and listed in Table 1. In accordance with the
table, the lattice constant, the microstrain, the stacking faults and the defects density
increases while the crystallite sizes decreases when PbSe films is coated onto Pt substrates
instead of glass. The lattice constant increases because of the interstitial substitutions of Pt
jons in sites of Pb and Se (Mustafa et al. 2022). Since the ionic radii of Pt *? being
80-96 pm (Xu et al. 2019; Levy et al. 2007) is larger than that of Pb** (0.78 A (Qasrawi
and Abu Ghannam 2022)) and larger than that of Set* (0.64 A (Nasiri-Tabrizi, 2014)) it
may lead to an increase in the lattice constant and in the defect density (Mustafa et al.
2022; Qasrawi 2022). In addition, the decrease in the crystallite sizes which resulted from
coating PbSe onto Pt substrates probably resulted in an overall increased rates of elec-
tron—phonon scattering due to spatial confinement of electrons, phonons and their addi-
tional scattering with defects and grain boundaries (one grain is an accumulation of group
of crystallites) (Sharma and Okram 2019). Moreover interaction of Pt ions with PbSe and
performing of these interacted particles as doping agents leads to an increased impurity
concentration. Hence the average crystallite size decreases because of the strain induced in
the cubic lattice of PbSe (Paulson et al. 2019).

Figure 2 illustrates the results of the scanning electron microscopy (SEM) and energy
dispersive X-ray (EDS) measurements of the PbSe films coated onto glass and Pt semi-
transparent substrates. As can be seen from Fig. 2a and its inset very small grains are dis-
tributed at two levels through the glass/PbSe film. The grains appearing as white dots are
grains of average sizes of 100 nm and the hardly seen grains are of smaller sizes (~50 nm).
Inset 1 of Fig. 2b shows the SEM images for Pt plasmonic particles before coating of PbSe.
Randomly distributed grains of irregular shapes and of average sizes of 350 nm can be
observed (red circles in inset-1 of Fig. 2b). Coating Pt nanosheets with PbSe resulted in the
images shown in Fig. 2c. Black circular regions (clusters) of average diameter of 1.5 ym
can be observed (green circles). When the image is enlarged further (Inset-2 of Fig. 2b)
one may see other tiny circular black regions or clusters (blue circles) randomly distributed
in the surrounding regions of larger black circles (clusters). The average diameter of these
tiny black regions are ~450 nm. Comparing the Pt substrates with the Pt/PbSe films we
observed that the formation of black regions of large and small sizes depends on the size of
the Pt particles. Other regions where circular black regions were not observed (shown by
rectangular shaped region) displayed very dense grain distribution of sizes of 90 nm.

On the other hand, the energy dispersive X-ray spectra for the glass/PbSe and Pt/PbSe
film are shown in Fig. 2b. As seen from the spectra, the films are composed of glass
(Si0:Na,0:Mg0:Ca0), Pb, Se, Pt and Au only. No other impurities were detected in the
films. Au existed because glass/PbSe films were coated with Au to prevent electron con-
tamination at the surface. Samples coated onto Pt were not coated with Au to allow dis-
tribution of Pt from Au and due to the higher conductivity of the Pt/PbSe films compared

(D= % (Qasrawi and Abu Ghannam 2022)), the strain (€= L, the staking faults

Table 1 The structural parameters for glass/PbSe and Pt/PbSe thin films

Sample aA D (nm) ex 107 SF% 5(x10" Tines/cm?)
Glass/PbSe 6.0336 41 347 0.18 2.10
Pt/PbSe 6.0636 34 423 0.22 3.08
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to glass/PbSe. The numerical analyses of the EDS spectra over many samples and differ-
ent scanning areas of studied samples have shown that glass/PbSe and Pt/PbSe films are
composed of 38.56 at. % Pb and 61.44 at. % Se and 65.68 at. % Se and 34.32 at. % Pb,
respectively. For glass/PbSe and Pt/PbSe films the chemical formulas of lead selenide are
PbSe, 5o and PbSe, ;, respectively. The large and tiny black circles revealed the chemical
formulas PbSe, ¢, and PbSe, s, respectively. In other words, while films coated onto glass
have tendencies to form Pb,Se; phase which can be treated a mixture of PbSe and PbSe,,
those coated onto Pt forms selenium deficient PbSe,. We can conclude that the black cir-
cular grains are relating to Pb,Se; phase of lead selenide and the other remaining regions
is composed of PbSe,. This result is also consistent with our XRD analyses which revealed
a decrease in the phase weight of SeO, (form 11.36% for glass/PbSe to 7.00% for Pt/PbSe)
when films were coated onto Pt substrates. The dramatically changing chemical stoichiom-
etry of the samples from Pb,Se; (a mixture of PbSe and PbSe,) to PbSe, in the presence
of Pt can be assigned to the dissociation of PbSe into Pb and Se at lower energy (302 kJ/
mol) compared to SeO, (464 kJ/mol) and Pb,0O5 (382 kJ/mol) (Yan et al. 2020). Broken-
bonds of Pb and Se have strong tendency to interact with oxygen when films are exposed
to air because of the need for thermodynamic stability which is satisfied through break-
ing of Pb—Se and formation of Se—O and Pb-O (Yan et al. 2020; Pellissier et al. 2007). In
addition from chemical point of view, when films are coated onto Pt substrates the content
of Pb decreased and the content of Se increased (mostly PbSe become absent or accumu-
lated in the black colored grains and PbSe, remained). Initially as the bond length of Se-O
(1.64 A (Alfhaid and Qasrawi 2022)) is shorter than that Pb—O (2.318 A (Qasrawi and
Abu Ghannam 2019)) and of Pb-Se (3.11 A (Mao et al. 2022)), due to its abundance in
the structure, broken bonds of Se interact with O resulting in formation of SeO,. Then, as
the bond the length of Pt—Se being 2.53 A (Alfhaid and Qasrawi 2022) which is shorter
than that of Pb—Se, some weakly bonded Se atoms interact with Pt to form PtSe leaving Pb
atoms un-bonded. Because Pb—O has shorter bond length than lead selenide broken bonds
of Pb interact with oxygen to form lead oxide (observed in XRD analyses).

Figure 3a and b illustrates the optical transmittance (7%) and reflectance (R%) spec-
tra for PbSe thin films coated onto glass and semitransparent Pt substrates. The inset of
Fig. 3a show the transmittance spectra of the Pt film. The transmittance of the platinum
films increases from 59 to 63% as the incident light energy decreases from 2.5 to 1.14 eV.
It means that the Pt films are sufficiently transparent allowing optical interaction at the Pt/
PbSe films easily. Pt substrates also show a constant reflectance of ~10-11% in the stud-
ied incident photon range. It is also clear from Fig. 3a and b that the transmittance and
reflectance of glass/PbSe films increases when Pt nanosheets are inserted between glass
and PbSe films. The increase in the transmittance is probably due to the formation of lead
oxide at the surface of the Pt/PbSe films. It was observed that formation of silver oxide in
Ag films increases the optical transmittance (Hajakbari and Ensandoust 2016). Suppres-
sion of surface plasmon resonance and destructive interference of reflected light from the
interface and from the surface could also accounts for the increased optical transmittance
(Choi et al. 2020). In addition, the absorption coefficient (@) is calculated from the optical
transmittance and reflectance using the relation (Alfhaid and Qasrawi 2022),

Tw (1 - Rglass)(l - RPI)(l - RPt/PbSe)exp(_ad) (D

With d being the film thickness. When using Eq. (1) to find the absorption coef-
ficient of glass/PbSe films, R, =0 is substituted. As seen from Fig. 3¢ the absorption
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Fig.2 a The scanning electron microscopy (SEM) images for a glass/PbSe and b Pt/PbSe films. ¢ The
energy dispersive X-ray spectra for glass/PbSe and Pty/PbSe films. Inset of a and inset of b showing the
enlargements by 30,000 and 40,000 times for the glass/PbSe and Pt/PbSe films, respectively. Inset-1 of ¢
displaying the SEM images for Pt and Pt/PbSe films, respectively

coefficient spectra exhibit absorption saturation in the spectral range of 2.50-1.65 eV and
2.50-2.10 eV when PbSe is coated onto glass and Pt substrates, respectively. The absorp-
tion saturation results from the carrier scattering into regions of lower mobility (Hebling
et al. 2009) Moreover, it is believed that light of energy higher than the band gap of the
material excites the free charge carriers to states of higher energy in the initial conduc-
tion band valley (related to energy levels distribution in the momentum space which have
I'" point as an origin in the first Brillouin zone of cubic PbSe) from which they may scat-
ter into other side valleys (Hebling et al. 2009). It is also observed from the absorption
spectra of the studied films (Fig. 3c) that coating PbSe films onto Pt substrates remarkably
decreased the absorption coefficient values and changed the shape of the @ — E dependence.
The absorption level decreases probably due to an increase in the energy band gap as a
result of using Pt substrates (Park et al. 2021). This judgment can be confirmed by employ-
ing Tauc’ equation ((aE)l/ 2 x (E-E,) for indirect allowed transitions (most appropri-
ate equation which linearized most of the optical data) (Alfhaid and Qasrawi 2022). The
Tauc’s equation fitting of the (aE)"/? — E variations which are illustrated in Fig. 3d reveal
an energy band gap of 0.50 eV and 0.62 eV for glass/PbSe and Pt/PbSe films, respectively.
A blue shift by 0.12 eV is observed upon replacement of glass by Pt substrates. Hence the
lowered absorption level is attributed to the increased energy band gap values of PbSe. The
band gap increases due to the decrease in the crystallite sizes an increase in the microstrain
(Agrahari et al. 2016; Tiwari et al. 2018). Our XRD analyses have shown that Pt substrates
lead to a decrease in the crystallite size and increase in the microstrain from 41 to 34 nm
and from 3.47 x107% to 4.23 x1072, respectively upon replacement of glass by Pt film. The
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value of the optimized energy band gap of lead selenide being 0.50 eV is comparable to the
value being 0.43 eV which is computed for cubic structure of lead selenide (Persson 2014).

To reveal information about the effects of Pt nanosheets on the dielectric spectra of lead
selenide, the real (e,) and imaginary (g,,) parts of the dielectric spectra were calculated
and shown in Fig. 4a and (b), respectively. The effective dielectric spectra (g,;) are cal-
culated from the reflectance and absorption coefficient spectra using Fresnel’s equations
(Alfhaid and Qasrawi 2022),

(Ve - 1)2 + (@A/(4m)

R= . (@)
(VEr+1) +@i/@m)y
€, = e, — (@2/(4n))” )
and
Eim = 21/Egp-a A/ (470). )

In accordance with the spectra shown in Fig. 4a the dielectric constant values increased
when films are coated onto Pt substrates. Enhancement of the dielectric spectra upon using
Pt substrates was previously observed for Pt/SeO, thin films (Alfhaid and Qasrawi 2022).
The enhancement in the dielectric spectra was assigned to the strong plasmonic interac-
tions at the Pt/SeO, interfaces (Alfhaid and Qasrawi 2022). The increase in the dielectric
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Fig.3 a The transmittance, b the reflectance, ¢ the absorption coefficient spectra for PbSe films coated onto
glass and Pt substrates and d the Tauc’s equation fittings for the studied films
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constant can also be assigned to the combined effect of Maxwell-Wagner effect and sponta-
neous polarization arising due to local dipole moment (Virpal et al. 2017). Maxwell-Wag-
ner effects accounts for charge accumulation at the Pt/PbSe interface on the basis of the
difference of charge carrier relaxation times in these two materials (Pt and PbSe). Sponta-
neous polarization plays role under the influence of internal process in a dielectric media
in the absence of external factors. On the other hand, the imaginary part of the dielectric
spectra displayed in Fig. 4b show an opposite behavior to that of the real part. Namely,
coating PbSe onto Pt substrates remarkably decreased the values of the imaginary part.
While g,,, spectra of glass/PbSe show a maxima at 1.71 eV, the maxima are suppressed and
become broaden when PbSe films are coated onto Pt substrates. The observed maxima at
1.71 eV can be attributed to the transitions from the highest occupied molecular orbitals
(HOMO) centered at (les /2) to the lowest unoccupied molecular orbitals (LUMO) centered
at (4e; ;) molecular states of the (PbSe); clusters (Zeng et al. 2013). Possible formation of
clusters was observed though our SEM analyses. Molecular dynamics studies have shown
that two growth patterns with distinct structures and energy evolutions are guessed for even
and odd clusters ((PbSe),, n is number of low laying structure) (Zeng et al. 2013). These
clusters grow in simple cubic and bulk like growth patterns (very similar to the black large
and small regions we observed through SEM studies (Fig. 2)). It is mentioned that the
orbital overlapping between 6p of lead and 4p of selenium make stable building blocks of
(PbSe), with ordered and bulk like structures. (PbSe), reveals larger size clusters (Zeng
et al. 2013).

Reproducing the imaginary part spectra of the glass/PbSe and Pt/PbSe films using
Drude-Lorentz approach it was possible to obtain information about these HOMO-LUMO
transitions and about the optical conductivity parameters. Drude—Lorentz model defines
the imaginary part of the dielectric spectra by the equations,

k w2 w

Eim = 2 z 5)

2 b
=1 T (wz. - WZ) + w22
i ei i

Wpe = VAzP & [m* (©)

5= ' . ™

with w,, being plasmon frequency, 7, is the average scattering time at femtosecond level,
W,; is the hole-plasmon coupled oscillator frequency, P is the free hole density and y is the
drift mobility.

The fitting of the experimental data which is shown by blue colored circles in Fig. 4b
was possible by running the series of Eq. (5) up to k = 4 and assuming the fitting paramei-

-1 -1

Pi/Pbse = <m;z + m;bSe> )
was calculated assuming electron effective mass of my, = 1.0m, (Alfhaid and Qasrawi

2022; Ge et al. 2011) and holes effective mass of m:bse:(l)). 17 m, (Mao et al. 2022).

In accordance with Table 2, the optical conductivity (oc(w) = €;,,w/(4x); w radial fre-
quency) parameters for glass/PbSe films are defined by oscillators of energies of 1.31 eV,
1.71 eV, 1.90 eV and 2.98 eV. The oscillator energy being 1.71 eV is originated from
the HOMO-LUMO transitions through (PbSe), clusters (Ge et al. 2011). The value of

the oscillator energy being 1.90 eV originates from excitations in (PbSe), clusters with

ters shown in Table 2.The reduced effective mass for Pt/PbSe (m
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Fig.4 a The real, b the imaginary parts of the dielectric spectra and ¢ the terahertz cutoff frequency spectra
for glass/PbSe and Pt/PbSe thin films

first excitation appearing at 1.90 eV with spin forbidden transitions from HOMO (1) to
LUMO (2z) molecular states. The oscillator energy being 2.98 eV is related to exciton
transitions within (17) molecular states of (PbSe),. It is also observed that a redshift in
the oscillators energy from 1.31 to 1.18 eV, 1.71 to 1.64 eV and from 2.98 to 2.43 eV is
observed when Pt replaces glass. The oscillator energy values being 1.64 eV, 1.90 eV and
2.43 eV correspond to molecular transitions withinS — S; 1(14,) of (PbSe),,S — T; 1(1 Z+)
of (PbSe), and § — T;1(1A,) of (PbSe), clusters (Ge et al. 2011), respectively. The value of
the oscillator energy being 1.31 eV is very close to that observed as 1.29 eV for HOMO-
LUMOS — S1(1A)) transitions within (PbSe); clusters. In addition, the critical energy value
detected at 1.18 eV corresponds to indirect optical transitions within the energy band gap
of PtSe, (Sajjad et al. 2018; Guo 2016). In the structural investigations we have mentioned
that interaction between Pt and Se is preferred over Pt—Se owing to the shorter bond length
of the latter (Alfhaid and Qasrawi 2022).

As also can be seen from Table 2, the free hole density decreased by 10 times for
the infrared oscillators (1.18 eV, 1.64 eV) and by~2 times for the visible light oscilla-
tors (1.90 eV, 2.43 eV). This decrease in the free carrier density increased the scattering
time constant and forced the drift mobility to exhibit higher values. The highest achiev-
able drift mobility is 22.44 cm?/Vs for free charged carriers propagating under the influ-
ence of electromagnetic fields within distances of ~500 nm. Literature data reported mobil-
ity values of 7.0 cm?/Vs for PbSe quantum dots thin films prepared via in-solution ligand
exchange (Nakotte et al. 2020) method. A higher value of mobility (16 cm?/Vs) is obtained
via annealing the films at 300 °C (Yan et al. 2020). The data shown in Table -2 indicate
that coating PbSe onto transparent Pt substrate is a novel method to enhance the mobility
values of PbSe.
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Table 2 Optical conductivity parameters for glass/PbSe and Pt/PbSe films computed by Drude-Lorentz
approach

Glass/PbSe Pt/PbSe
i 1 2 3 4 1 2 3 4
E, (eV) 131 1.71 1.90 2.98 1.18 1.64 1.90 243
T (fs) 0.5 0.5 0.5 0.5 15 2.0 0.4 0.8
p (x10"® cm™) 10.0 28.0 70.0 80.0 0.9 2.6 43.0 44.0
op (GHz) 456 7.62 12.06 12.89 1.42 242 9.84 9.96
p (cm?/Vs) 5.17 5.17 5.17 5.17 16.83 22.44 4.49 8.98

Another remarkable point which can be observed from Table 2 is that the plasmon fre-
quency values of glass/PbSe and Pt/PbSe are high enough to nominate the currently stud-
ied interfaces for communication technologies including 6G technology (Alfhaid and Qas-
rawi 2022; F. Carvalho and Mejia-Salazar, 2020; Qasrawi and Sulaiman 2022). Further
information about the applications of these metal/semiconductor layers in communication
technology can be found from the terahertz cutoff frequency spectra (f7y. = €;,w/(4rxe,)
which are shown in Fig. 4c. The terahertz cutoff frequency is defined as the frequency at
which energy flowing through the system begins to be attenuated (reflected or reduced)
rather than passing through (Alfhaid and Qasrawi 2022). In an optoelectronic system like
band filters and communication channels the cutoff frequency applies to an edge in a low-
pass, highpass, bandpass, or band-stop characteristic curves. It is a frequency character-
izing a boundary between a passband and a stopband. In the case of a waveguide or an
antenna, the cutoff frequencies correspond to the lower and upper cutoff wavelengths. As
seen from Fig. 4c based on the exciting electromagnetic field energy (incident light energy)
one my identify the cutoff point of the propagating signals. Wider tunability of f. is
achieved for Pt/PbSe films especially in the visible range of light. Since the highest cutoff
frequency leads to the highest efficiency of the optoelectronic devices used in communica-
tion technology, obtaining values larger than 1.0 THz is accounted as a smart property for
terahertz applications (Zimmermann et al. 1995).

To verify the validly of the plasmon frequency as a cutoff limit suitable for 6G tech-
nologies we have imposed a Pt/PbSe/Pt device between the terminals of an impedance
analyzer providing ac signals of waveform. The amplitude of the signal was kept low
(0.10 V). The resulting ac resistance (R), capacitance (C) and microwave cutoff frequency
(f., = 1/(2zRC) (Alfhaid and Qasrawi 2022; Sze et al. 2021)) spectra are shown in Fig. 5a,
b and c, respectively. It is clear from the Fig. 5a that the resistance sharply decreased with
increasing ac signal frequency. A decay by more than two orders of magnitude can be
observed. On the other hand, within the same frequency domain the capacitance slowly
decreased with increasing signal frequency indicating that the devices are controlled by the
resistive part rather than reactive part. The cutoff frequency increases (Fig. 5c) accordingly.
It reaches values of ~ 12-14.0 GHz for ac signals of frequency of 1.0 GHz. This is the same
value we observed from light signal analyses. Drude-Lorentz approaches showed plasmon
frequency (cutoff) values reaching 12.89 GHz (Table 2). Hence the impedance spectros-
copy analyses also show the possible application of the fabricated Pt/PbSe/Pt devices for
6G technology applications.
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Fig.5 a The resistance, b the capacitance and c the cutoff frequency spectra for Pt/PbSe/Pt devices

4 Conclusions

In this work we have shown that coating PbSe thin films onto semitransparent Pt substrates
can significantly change the chemical stoichiometry of the films and changes the surface
morphology of the films. Strong interactions between Pt and weakly bonded Se atoms
caused formation of lead oxide in the films. One may also engineer the optical properties
of lead selenide by Pt semitransparent substrates. The coupling between these two layers
resulted in narrowing the energy band gap of PbSe which in turn led to an increment in the
transmittance of the lead selenide films. Interactions between Pt and PbSe increased the
drift mobility of the charge-carriers through the films making it more appropriate for opto-
electronic applications. It is also observed that PbSe films exhibiting plasmon and cutoff
frequency values larger than 12 GHz are suitable for 6G technology applications. The films
are also found suitable for terahertz applications.
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