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Abstract  

In the current study, the structural, optical, photoelectrical and electrical properties of CdS/Y/CdS thin 

films are investigated. The current design include the evaporation of a layer of   70 nm thick yttrium 

between two layers of CdS. Each CdS layer is of thickness of 500 nm. It is observed that the yttrium 

slab increased the microstrain, defect density, stacking faults and decreased the grain size and redshifts 

the indirect allowed transitions energy band gap of CdS. In addition an enhancement by ~5 times in 

the light absorbability is detected at 1.74 eV. The enhanced absorbance results in increasing the 

photocurrent by ~ 21 times and changed the recombination mechanism from a trap assisted 

recombination to supralinear recombination mechanisms.  Moreover, the ac signal analysis in the 

frequency domain of 10-1800 MHz has shown  that the yttrium forces the CdS to exhibit negative 

capacitance effect  and make it behave as band stop filter with notch frequency of 1520 MHz. The 

quality of the CdS/Y/CdS films as microwave cavities are screened by the evaluation of the return loss 

which revealed good features of the nanostructured films as microwave receivers.   
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Photocurrent 
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1. Introduction  

 

Cadmium sulfide thin films are under the focus owing to their wide range of applications. They have 

been employed in optoelectronic technology for solar energy harvesting [1].  They also find 

applications as catalyst [2], memory cells [3] and as tunneling barriers [4]. CdS films combined to p-

type silicon substrate are reported to exhibit high performance as solar cells. The optimized efficiency 

for these cells after the insertion of MoO3 layer between cadmium sulfide film and silicon substrate 

reached 10.64%. For these cells, the short circuit current, the open voltage and the fill factor are 

reported to be 28.75 mA/cm2, 543 mV and 68.13%, respectively, under traditional conditions [1].  In 

addition, a nonvolatile memory characteristic of high-k MOS capacitors made of cadmium sulfide 

embedded Zr-doped HfO2 are reported [3]. The CdS embedded devices revealed good memory and 

charge retention characteristics which make it suitable for low voltage nonvolatile memory 

applications. Moreover, when the CdS was coated with 20 nm thick Sb2Te3, it shows negative 

differential capacitance effect in the frequency domain of 0.26 –1.8 GHz. The heterojunction device 

performed as low pass filters with ideal values of voltage standing wave ratios [4]. In another work, 

CdS thin films which are prepared onto fluorine doped tin oxide (FTO), indium tin oxide and Si wafer 

are observed to exhibit the best features when coated onto FTO substrates. This substrate make CdS 

suitable for electron-transport layer in perovskite solar cells due to its good conductivity, crystallinity 

and an appropriate conduction band level [5]. In addition, heat treated CdS thin films that are 

annealed at 500 oC [6, 7] are found to be appropriate for window and hole-locking layers in CdTe-

based perovskite solar cells.    

The above mentioned applications encouraged the research society to find methods that target 

improving the physical properties of CdS to make it more appropriate for technological applications. 

As for example, in one of our recent works we have inserted a thin metallic layer of ytterbium between 

two layers of CdS [8] to form the CdS (500 nm)/Yb (70 nm)/CdS (500 nm) structure. The insertion of   
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Yb layer improved the crystallinity of CdS and raised the absorbability of this material by 8 times. It 

also increased the drift mobility   of CdS from 281 to 996 cm2/Vs. The devices are found to be attractive 

for use as wave traps [8]. In the current work, we target to study the effects that are associated with the 

insertion of yttrium film of thickness of 70 nm between two layers of CdS. Particularly, the structural, 

compositional, morphological, optical and dielectric properties of the Y-sandwiched CdS are 

investigated and compared to pure CdS. In addition, the effect of the yttrium layer on the photocurrent-

laser light power dependence of the CdS as well as on impedance spectral parameters are explored.  

The reasons for replacing Yb by Y in the current work are the hexagonal nature of Y which is more 

consistent with that of hexagonal CdS and the ionic radius of Y being larger than that of Yb and Cd.  

Both of the CdS and yttrium has the same plane orientations.  The similarity in the hexagonal 

crystalline nature and in the plane orientations of Y and CdS reduces the lattice mismatches between 

the CdS and Y compared to the cubic Yb.  In addition, the ionic radius of Y+3 being larger than that of 

Cd +2  is expected to cause a reduction in the grain size that in turn results in larger defect density  

values and as a result increases the recombination rate at the interfaces. These defects could behave as 

light sensitizing centers which have positive effect on the photoelectrical properties. What make the 

yttrium slab insertion worth of reporting is the remarkable enhancements that are achieved in the 

photosensitivity to laser light (406 nm), the larger return loss values that are achieved by the 

replacement of Yb by Y and the negative capacitance effect that is important for noise reduction in 

electronic circuits.  

 

2. Experimental details  

The yttrium nanosheets are inserted between two layers of CdS via thermal evaporation technique with 

the help of Norm-VCM 600 thermal vacuum evaporator. Chemically and ultrasonically treated glass 

substrates are used as transparent materials to grow the films. The evaporation cycles included 500 nm 

thick CdS films coated with 70 nm yttrium film. The produced CdS/Y films are re-coated with another 
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500 nm thick CdS films. All the films were prepared at substrate temperature of 25 oC. The temperature 

of the source was kept above 1100 oC  [9] to guarantee stable formation of CdS. The evaporation rate 

of CdS was ~40 Å/s.  Low evaporation rates ~10 Å/s is experimentally observed to form Cd2S3 phase.  

The reason for selecting the 500 nm value of CdS thickness is the experience in its technological 

applicability [4, 10]. Previously we succeed in fabricating tunneling diodes and dual band stop filters 

from 500 nm thick CdS films. The reason for selecting the value 70 nm thick is to prevent clustered 

formation of Y layers and to guarantee continues film formation. Yttrium films are known   to exhibit 

amorphous nature and cause intermixing when sandwiched between two layers. The crystalline phase 

of Y films is observed above 60 nm [11].  The layers thicknesses were monitored by an in situ Inficon 

STM-2 thickness monitor connected to the quartz crystal inside the vacuum chamber. The monitor is 

capable of recoding 3000 data per second and has the resolution of 0.037 Å. The thickness monitor 

was calibrated based on sample thickness measured by interferometry technique.  

Cu Kα radiation Miniflex 600 X-ray unit and COXEM 200 scanning electron microscope (SEM) 

equipped with EDAX energy dispersive X-ray spectrometer (EDS) are used to collect the structural, 

morphological and compositional information, respectively. The SEM unit can record images with 

variable accelerating voltages in the range of 5-30 kV. The EDS unit cover wide range of elements 

from carbon to nobelium. It operate in the range of 5-30 kV. The optical measurements including the 

transmittance and reflectance are carried out with the help of Evolution 300 spectrophotometer. The 

data were collected in the spectral range of 300-1100 nm.  The photocurrent-power curves are collected 

with the Keithley current-voltage characteristics system. The system uses Keithley 235 voltage source 

and 6481 picoammeter attached through IEEE-488 to collect the data through MATLAB based 

software package. The light is irradiated from Thorlab laser source of a wavelength of 406 nm. The 

laser power is altered in the range of 0.01-6.0 mW.   The impedance spectroscopy is measured by 

Agilent 4291B 1.0M–1.8 GHz impedance analyzer. The impedance analyzer is equipped with 

dielectric test fixture.  
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3. Results and discussion  

The results of the X-ray diffraction (XRD) patterns for CdS and CdS/Y/CdS  thin films are presented 

in Fig. 1 (a). It is clear from the figure that both of the CdS and CdS/Y/CdS thin films are of 

polycrystalline nature. The analysis of the X-ray diffraction patterns in accordance with “TREOR 92” 

and “CrystDiff” software packages reveal hexagonal type of structure. The lattice parameters (𝑎 and 

𝑐) for CdS films are determined with the help of the equation, 𝑑ℎ𝑘𝑙
−2 =

4

3
(

ℎ2+𝑘2+ℎ𝑘

𝑎2 )+
𝑙2

𝑐2 . The equation 

takes into account, the observed interplanner spacing (𝑑ℎ𝑘𝑙) between planes oriented in the (ℎ𝑘𝑙) 

direction.  The analysis of the reflection peaks which are shown in Fig. 1 indicated that the 𝑎 and 𝑐 

values for double layers of CdS are 3.510 and 6.575 Å , respectively. The insertion of 70 nm thick 

yttrium between the two layers make the material exhibit lattice parameters of values of 3.558 and 

6.672 Å, respectively. The Miller indices of the observed peaks which are shown in Fig. 1 (a) and the 

calculated lattice parameters, are consistent with the JCPDS # 067776 and also consistent with 

literature data [8, 12].  As the inset of Fig.1 (a) also illustrates, the maximum peak which is observed 

at 27.1o shifts to 26.7 o. In addition, the maximum peak intensity increased from 1200 to 3200 a.u upon 

sandwiching of CdS with yttrium.  It is evident from these numerical data that the presence of the 

yttrium slab between the two layers of CdS caused strained nature of growth. The calculated grain size 

(D), microstrain (𝜖), defect density and stacking faults using the previously described equations [13] 

revealed values of 34 nm, 4.35× 10−3, 4.62× 1012 𝑙𝑖𝑛𝑒𝑠/𝑐𝑚2 and 0.225%, respectively, for CdS thin 

films. These values shift to 28 nm, 5.52 × 10−3, 6.77× 1012 𝑙𝑖𝑛𝑒𝑠/𝑐𝑚2 and 0.272%, respectively, for 

CdS/Y/CdS. In contrast to what we have previously observed for CdS films sandwiched with ytterbium 

[8], the presence of yttrium slabs of thickness of 70 nm increased the lattice constant, defect density, 

microstrain, stacking faults and decreased the grain sizes in the CdS thin films. Such behavior could 

have raised from the differences in the ionic radiuses of Yb (87 pm [8]) and Y (102 pm [14]).    Copper 

doped CdS thin films are also observed to exhibit hexagonal structure. Consistent with our observation, 
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the intensity of the reflection peak which is oriented in the (002) direction increased with increasing 

Cu content [12]. The behavior was assigned to the change in the scattering factor corresponding to the 

incorporated element.  The participation of  Yb and Cu in the structure of CdS increased the grain size 

and reduced the other structural parameters. These enhancements in the structural parameters which 

are not observed here were assigned to the   Cd/Cu atomic ratio in Cu doped CdS [12] and to the 

recovery and recrystallization processes in CdS/Yb/CdS films [8].  

 

 

For the purpose of observation of the morphology, the scanning electron microscopy images for the 

studied films are recorded and displayed in Fig. 1 (b) and its inset. For an enlargement of 60,000 times, 

very dense spherically shaped grains are observed. The samples surfaces are homogeneous. The 

average grain size for the CdS double layered films is 28 nm and for CdS/Y/CdS is 22 nm. The 

CdS/Y/CdS sample also included regions which are crowed with spherical grains of size of 28 nm. 

The results of the SEM analysis are close to that of XRD.  

To investigate the atomic content in the currently studied samples (CdS/Y/CdS), dispersive energy X-

ray spectroscopy (EDS) are carried out with the help of EDAX system attached to the electron 

microscope. During measurements, the standards used were, SiO2 for Si and O, albite for Na, MgO for 

Mg, FeS2 for S, wollastonite for Ca, yttrium for Y and cadmium for Cd. The accelerating voltage was 

15 kV, the spot size was 12, more than 10 spots and three areas were analyzed at a counting time of 

100-300 sec for each sample.  The EDS spectra for the CdS/Y/CdS film are displayed In Fig. 2 (c). 

The spectrum is calculated for the area which is shown as inset-1of Fig. 1 (c). Most of the observed 

peaks correspond to the glass. The atomic distribution of the studied double layered CdS sample is 

found to be 53.38 at.% sulfur and 46.62 at. % Cd.  For the CdS/Y/CdS sample, the atomic distribution 

(Shown in Fig. 1 (c)) is found to be 42.03 at.% Cd, 7.64% Y and 50.33% S. The numerical data suggests 

that a substitutional process has occurred during the growth and nucleation processes.  Since the ionic 
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radius of Cd+2 is 96 pm [8] and that of Y+3 is 102 pm [14], replacement of Cd+2 by Y+3 is associated 

with stress that causes extension in the lattice parameters,  compressing strain and also causes reduction 

of the grain size owing to the internal energy redistribution  over the grains.   The decrease in the grain 

size that is associated with increased defect density was also observed for Zn doped CdS thin films 

[15]. For these films, the shrinkage in the grain size was assigned as a reason for the increase in defect 

density. It is mentioned that the small grain size may generate large surface area which can form a 

large grain boundary surface areas. The grain boundary may be regarded as a crystal structural defect 

that affects or delays the transition of charge carriers [15].Literature data also reported information 

about the structural parameters of CdS thin films which are grown onto pristine and annealed at 

temperatures of 150, 300 and 450 oC [7]. It is mentioned that the lattice constant decreases upon 

annealing as a result of increased defects that arises from stress in the grains which take place during 

the treatment process [7]. The heat treatment increased the grain size due to the strong interactions 

between the vapor atom and substrates.  

 

The difference in the behavior of the structural parameters upon replacement of Yb [8] with Y –

metallic slabs in the current study may have raised from the crystalline nature of the metal slabs. While 

the Yb is known to exhibit face centered cubic structure with lattice parameters of 𝑎 = 𝑏 = 𝑐 =

5.487 Å [8], the yttrium is hexagonal structured metal with lattice parameters of 𝑎 = 3.6475 and 𝑐 =

5.730 Å [16].   The hexagonal nature of structure of yttrium is confirmed from the XRD patterns which 

are also shown in figure 1 (a) for a yttrium thin film of thickness of 500 nm. The analysis of the XRD 

patterns of the yttrium films reveal hexagonal structure with lattice parameters of 𝑎 = 3.373  and 𝑐 =

5.952 Å. The deviation of the lattice parameters for the Y thin film from the bulk values is assigned to 

the two dimensional nature of growth in addition to the substrate it is deposited onto. For the thin film 

of thickness of 70 nm, no strong reflection peak was detected. The absence of strong reflections is 

probability due to the stronger reflection of the glass substrates compared to the 70 nm thick Y.  
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Returning to the stoichiometry of the composition which revealed the empirical formula 

Cd42.03Y7.64S50.33. The substitution of Y in sites of Cd causes the formation of Y-S bonds in the lattice 

of CdS. This may lead to the formation of Y2S3 as minor phase in the structure of CdS. The Y2S3 is a 

monoclinic system that has lattice parameters of values of  𝑎 = 17.523 Å, 𝑏 = 4.011 Å, 𝑐 = 10.174 Å 

and 𝛽 = 98.601𝑜  (COD  4030478 ). Such phase if formed would cause large strain on the unit cells 

of CdS which in turn lead to larger defects values as we observed in this work.  The inability of the X-

ray diffraction technique to detect this minor phase arises from it is amount which should be less than 

10% of the total volume.    

The effects of yttrium on the optical performance of CdS are illustrated in Fig.2.  The measured 

transmittance (𝑇) and reflectance (𝑅) spectra are shown in Fig. 2 (a) and (b), respectively.  It is clear 

from the transmittance spectra that the effect of yttrium thin slabs become effective for incident light 

wavelength (𝜆) larger than 508 nm. For all 𝜆 < 508 𝑛𝑚, the trend of variation of the CdS/Y/CdS is 

the same as that of CdS double layers. For all 𝜆 > 508 𝑛𝑚, the transmittance spectra redshifts. On the 

other hand, the reflectance spectra which are presented in Fig. 2 (b) exhibit increased values of R and 

a redshift in the maximum peak. Particularly, the peak which appeared at 536 nm (2.32 eV) in the 

reflectance spectra of CdS shifts to 552 nm (2.25 eV) upon insertion of yttrium slabs between two 

layers of CdS. The total effect which is readable from the absorption coefficient (𝛼) spectra are 

displayed in Fig. 2 (c). The 𝛼-spectra which is calculated by the previously described methods [8] 

exhibits four regions of absorption. The high energy region (4.1-2.93 eV) where the  𝛼-spectra appears 

to be saturated due to the generation of carriers resulting in nonlinear  renormalization of the band gap 

with increasing electromagnetic field intensity [17] or due to exciton resonance at these levels [17].  

The second region is the strong absorption region (2.92-2.24 eV). In this region, as both samples 

exhibit the same value, no effect of the yttrium slabs is observed.  The third region is the weak 

absorption region (2.23-1.39 eV). In this region a clear redshift in the 𝛼 −spectra can be observed. In 

the fourth region (1.38-1.14 eV), 𝛼 −spectra show increasing trends of variation with decreasing 
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incident light energy. Such behavior is usually assigned to the free carrier absorption.  The free carrier 

absorption happens as a result of the carrier movement which is induced by phonon scattering. The 

phonon scattering transfers energy to lattice when irradiated by IR light [18].  

The enhancement of the absorbability in the CdS via yttrium slab insertion can be guessed from the 

absorption coefficients ratio (𝑅𝜆 =
𝛼𝐶𝑑𝑆/𝑌/𝐶𝑑𝑆

𝛼𝐶𝑑𝑆
;  𝑅𝜆  absorbability). The absorbability spectra is 

illustrated in the inset of Fig. 2 (c). It is clear from the figure that the absorbability region of the 

CdS/Y/CdS extends from 2.40 to 1.28 eV. It exhibits maxima at 1.73 eV.   The presence of Y between 

two layers of CdS increased the absorbability by 5 times in the visible and IR region. Such property 

makes the Y sandwiched CdS more appropriate for optoelectronic applications as it enhances the 

optoelectronic properties of this material. The values of 𝑅𝜆  are comparable to those we previously 

observed for CdS/Yb/CdS structure.  For this structure a 𝑅𝜆 value of 7.8 was detected at 1.64 eV [8].  

Fig. 3 (a) and (b) illustrates the Tauc equation plotting for the absorption coefficient spectra in the 

sharp (second) and weak absorption (third) regions, respectively. The plotting of (𝛼𝐸)2 − 𝐸 variation 

which is shown in Fig. 3 (a) was linear only in the region of strong absorption. The 𝐸 −axis crossing 

in that region reveal energy band gaps of values of 2.42 and 2.44 eV for the CdS and CdS/Y/CdS films, 

respectively. No significant role of the Y-slab in this region is observable as the difference in the 

energy band gap values is within the experimental error which is ~2% of the measured value. The 

reason for the less effect of the Y-slab on the direct allowed transitions in CdS is unknown but probably 

assigned to the restrictions of the spin-orbit coupling and quantum mechanical selection rules.  The 

direct allowed transition energy band   gap is the same as that we previously observed for CdS [8]. The 

effect of the Y-participation in the structure of CdS becomes pronounced when the indirect allowed 

transition energy band gap is taken into account. The plotting of the (𝛼𝐸)
1

2 − 𝐸 variation in the weak 

absorption regions (third region) which are presented in Fig. 3 (b) reveal an indirect allowed transitions 

energy band gap of values of 1.50 and 1.14 eV for CdS and CdS/Y/CdS films, respectively.  

Remarkable redshift from 1.50 to 1.14 is observed upon Y-participation. The band gap difference is 
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0.36 eV. The indirect allowed transitions energy band gap being 1.50 eV was previously observed for 

CdS thin films prepared by the chemical bath deposition technique [19]. The redshift in the indirect 

allowed energy band gap upon Y-slab insertion could be assigned to the increase in the lattice 

parameters, increase in the microstrain and increase in the defect density as we have discussed in the 

structural analysis. In addition to the structural reasons, the electronic configuration point of view is 

also worth of consideration.  Particularly, since the electronic configuration of Y39 is 4𝑑15𝑠2  and that 

of Cd48 is 4𝑑105𝑠2, Y39 comprise empty states in it is 4𝑑 −orbitals. These states can behave as 

conduction bands as they accept electrons.   The overlapping of the energy levels in the 4𝑑 −orbitals 

of Y and Cd make it easier for electrons to transfer to a closer energy level which is available by the 

presence of yttrium [8].  For Cu doped CdS thin films, the shrinkage in the energy band gap of CdS 

upon copper doping was assigned to creation of traps within the band gap that may cause formation of 

the states near the band edge leading to the observed band gap shrinkage [20].  

   Fig. 3 (c) display the real part (𝜀𝑟) of the dielectric constant being calculated with the previously 

described methods [8].  An important feature of the dielectric spectra appears in the spectral range of 

3.5-1.14 eV. Although the dielectric spectra of CdS/Y/CdS exhibit the same shape like that of double 

layers of CdS, there is a redshift in the position of maximum peak. Particularly, while the CdS exhibit 

a resonance peak of 𝜀𝑟  of value of 9.13 at 2.27 eV, the yttrium slabs shifted the peak to 2.17 eV and 

increased the dielectric constant value to 12.39. It indicates an enhancement of 35.7% in the dielectric 

constant value.  The presence of the dielectric resonance at 2.27 eV was assigned to the transition 

between the valance and conduction band being associated with recombination processes as a result of 

second ionization of sulfur vacancies [8, 21].   The redshift in the dielectric spectra could be assigned 

to change in the recombination mechanism as a result of presence of yttrium which is observed to 

increase the defect density on the surface of CdS films.  

As practical application to the current design, the photocurrent (𝐼𝑝ℎ) was recorded as function of laser 

power (P). A laser light of wavelength of 406 nm   was used to irradiate the samples surfaces. The 
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resulting photocurrent-power curves are presented in Fig. 3 (d).   The figure shows remarkable 

enhancement in the photocurrent values due to the insertion of yttrium between two layers of CdS. 

Namely, at particular power 6.0 mW, for example, the photocurrent of double layers CdS exhibit value 

of 30 nA. The photocurrent value increases to 631 nA when the CdS/Y/CdS was irradiated with the 

same power of laser light. An enhancement of 21 times is achieved by the this technique. These 

numerical values make the replacement of the ytterbium by yttrium preferable as the Yb slab inserstion 

increases the photocurrent value to 190 nA resulting in enhancement of photosensitivity by 6.3 times 

only.   On the other hand, one may observe a difference in the slopes of the ln(𝐼𝑝ℎ) − ln (𝑃) 

dependencies. A logarithmic plot of the power dependent photocurrent in accordance with the rule, 

𝐼𝑝ℎ = 𝐼𝑝ℎ0𝑃𝛾 , reveal 𝛾 value of 0.65 for double layered CdS and 𝛾 value of 1.34 and 0.49 for 

CdS/Y/CdS and CdS/Yb/CdS films, respectively. The standard values of 𝛾 for linear and sublinear 

recombination mechanisms are 1.0 and 0.5, respectively. While 𝛾 > 1.0 means there is strong electron-

hole recombination at the surface, any 𝛾 value between 1.0 and 0.50 indicate that the recombination is 

associated with exponential traps distribution [22, 23]. The presence of traps in the double layered CdS 

films could be due to the Cd vacancies. The compositional analysis revealed 53.38 at.% sulfur and 

46.62 at. % Cd. Thus, the change in the recombination mechanism from traps assisted sublinear (𝛾 =

0.65) and from sublinear in the presence of Yb nanolayer to supralinear is due to the Y filling in vacant 

sites of Cd. This belief is supported by the EDS results which indicate that the atomic sum of Cd and 

Y is 49.67% and that of S is 50.33%. Another reason that is worth of consideration is the increased 

defect density on the surface of the CdS/Y/CdS as a result of strained nature of growth. The defects 

behave as sensitizing centers which convert from traps to recombination centers under strong light 

irradiation [22, 23].  

To find another application for the CdS/Y/CdS films, we have followed our previous procedure which 

we used for CdS/Yb/CdS [8] films. Namely, The CdS/Y/CdS films were deposited onto Yb substrate 

and coated with Au (point contacts of area of 7.8× 10−3 𝑐𝑚2). The Yb metal  is selected because it 
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has low work function (2.51 eV [24]) and the Au is selected owing to its high work function (5.34 eV) 

[24]. As the CdS and CdS/Y/CdS films exhibit n-type conductivity and the work function of CdS and 

CdS/Y/CdS are less than 4.7 eV [4], The Au forms a Schottky type of contact at the Au side and an 

ohmic metal-semiconductor interface is formed at the Yb side. The response of these devices to ac 

signals of amplitude of V=0.10 V is screened in the frequency domain of 10-1800 MHz. Remarkable 

enhancement in the performance of the Yb/CdS/CdS/Au device is observed from the capacitance 

spectra. The capacitance spectra for the Yb/CdS/Y/CdS/Au device which is illustrated in Fig. 4 (a), 

show negative capacitance effect in the frequency domain of 450-1800 MHz. It exhibits very narrow 

peak at 460 MHz. This effect is not observed for the Yb/CdS/CdS/Au device nor it is observed in 

CdS/Yb/CdS films [8] (additionally illustrated as brown colored in Fig.4 (a)). Negative capacitance is 

important property of Schottky type devices as it indicates the applicability of these types of devices 

in integrated circuits for parasitic capacitance cancellation [4, 25]. It plays vital role in noise reduction 

in power circuits. Negative capacitance effect is usually assigned to the to the non-equilibrium 

interfacial states that forces electrons to hope from interfacial to the bulk states. It could also be 

attributed to the surface and bulk trap states as we observed from the photocurrent-light power analysis 

[4, 25]. 

 As practical application of the proposed devices in microwaves filtering we observe the deference 

between the impedance (Z) spectra of both devices. The impedance spectra is shown in Fig. 4 (b). 

while the 𝑍 values decreased by four decades, upon increasing the frequency from 10 to 1800 MHz, 

that of Yb/CdS/Y/CdS/Au remain constant in the range of 10-100 MHz. It, then, slowly decreases 

reaching minimum value at 460 MHz and then re-increases with increasing signal frequency. The main 

difference between the impedances of the CdS/Y/CdS and CdS/Yb/CdS is presented by the numerical 

value. Particularly, while yttrium causes CdS to exhibit low impedance spectra, the Yb forces high 

impedance.   The total impedance effect on microwave signals is better read from the magnitude of the 

reflection coefficient (𝜌=
𝑍𝑠𝑎𝑚𝑝𝑙𝑒−𝑍𝑠𝑜𝑢𝑟𝑐𝑒

𝑍𝑠𝑎𝑚𝑝𝑙𝑒+𝑍𝑠𝑜𝑢𝑟𝑐𝑒
) spectra. The 𝜌 spectra are shown in Fig. 4 (c). While 𝜌 value 
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is always 1.0 for the Yb/CdS/CdS/Au device which indicate an open load with no match between 

device and source, the Yb/CdS/Y/CdS/Au device show good performance as band stop filter. The 

device behaves as high pass filter in the frequency domain of 10-300 MHz, low pass filters in the 

domain of 300-1520 MHz and band stop filter in the domain of  300-1800 MHz with notch frequency 

of 1520 MHz. The performance of Yb/CdS/Au/CdS/Au device is much better than that sandwiched 

with Yb (shown by brown color in Fig. 4 (c)).  The quality of this signal is detected from the return 

loss (𝐿𝑟 = −20log (𝜌)). Return loss in communication engineering refers to the loss of power in 

the signal rejected by a discontinuity in devices under test. It is a measure of how well devices are 

matched. A match is good if the return loss is high (𝐿𝑟 > 20 𝑑𝐵). The return loss spectra of the 

Yb/CdS/Y/CdS/Au device are shown in Fig. 4 (d). It reaches value of 35 dB at 1520 MHz. It suggests 

that the device is ideal for use as band stop filters of notch frequency of 1520 MHz. The main difference 

between the CdS/Yb/CdS and CdS/Y/CdS is that the yttrium exhibit higher return loss values 

compared to Yb which reveal 𝐿𝑟 value of 22.6 dB at 1.35 GHz [8]. Both metals provide the CdS films 

with the property of microwaves filtering. Without metal sandwiching, the Yb/CdS/CdS/Au device 

exhibit very poor features for waves trapping in the microwave region. The shift in the notch frequency 

value from 1350 to 1520 MHz upon replacement of Yb with Y can be ascribed to the structural 

modifications that controlled the capacitance and resistance values. The microwave cavity’s resonance 

frequency is usually controlled by the values of capacitance and resistance.   

As a complementary work to the previously published data [8] we have calculated the optical 

conductivity from the imaginary part of the dielectric constant (𝜎(𝑤) = 𝜀𝑖𝑚
𝑤

4𝜋
 , w: angular frequency) 

and computed the optical conductivity parameters with the help of Drude - Lorentz models   using the 

equation (Eqn. 1) given in reference 5. The optical conductivity spectra which are shown in Fig. 5 

follow the same trend of variation like that we reported for CdS/CdS and CdS/Yb/CdS thin films. 

However, the computed optical parameters which reproduce the experimental data (black circles in 

Fig. 5) are somehow different. Particularly, comparing the data of Table 1 which is reported here with 
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the previously reported [8] optical conductivity parameters for CdS/CdS and CdS/Yb/CdS thin films, 

one may observe significant difference between the optical conductivity parameters of the first and 

second oscillators (i=1, 2). As for example, the scattering time (𝜏1) increased from 4.0 to 30 fs and the 

free carrier density (𝑛1) decreased from 4.0 × 1017 𝑐𝑚−3 to 1.2 × 1017 𝑐𝑚−3 upon insertion of Y 

between two layers of  CdS.  The plasmon frequency (𝑊𝑝𝑒1) decreased from 0.84 GHz [8] to 0.62 GHz 

and the reduced resonant frequency (𝑊𝑒1) did not change   upon sandwiching of Y between two layers 

of CdS. The drift mobility (𝜇𝑒1) of two stacked layers of CdS which exhibited value of 281.3 cm2/Vs 

for CdS thin films increased to 475 cm2/Vs for the CdS/Y/CdS samples. These values are very close 

to the literature data were a value of 500 cm2/Vs is reported [26, 27].  Even though the drift mobility 

is remarkably increased via insertion of the hexagonal yttrium between two stacked layers of 

hexagonal CdS, still the respective values of mobility, plasmon frequency and free carrier density   are 

higher for the CdS/Yb/CdS than those of CdS/Y/CdS films. We believe that the main reason for the 

higher absorbability values of CdS/Yb/CdS compared to CdS/Y/CdS and the better effects on optical 

performance of Yb over Y –sandwiched films mostly lay in the electronic configuration of the metals. 

Yb (4𝑓146𝑠2) is better than Y (4𝑑15𝑠2) due to the overlapping of the 𝑓 states with Cd (4𝑑105𝑠2) and 

S (3𝑠23𝑝4) atomic orbitals as the f state is at higher energy than those of 𝑑 orbitals. In addition the 

lack of nine electrons from 4𝑑  orbital states of Y makes electron transitions from 4𝑑 orbitals of Cd 

to Y possible. The orbital sharing of electrons of Cd (4𝑑105𝑠2) with empty d orbitals of Y (4𝑑15𝑠2) 

that is accompanied with less lattice mismatches and the presence of 𝑓 orbitals in Yb could be 

reasoning for the better performance of Yb as an optical conductor over that of Y. However, the 

achievements presented by the negative capacitance effect, higher return loss values and higher 

photosensitivity to laser light make the CdS/Y/CdS worthy of consideration.      

It is also worth mentioning that the optical conductivity parameters presented by the drift mobility 

value for the CdS/Y/CdS or CdS/Yb/CdS are much higher than those we reported for other sandwiched 

systems like Ga2S3/In/Ga2S3 (GIG) [28]. For this system the maximum drift mobility of value of 12.58 
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cm2/Vs was observed. It is also much higher than those which are reported for CuSe/Yb/CuSe as 35.2 

cm2/Vs [29].  The high values of the drift mobility with the continuously increasing optical 

conductivity with increasing incident photon energy make the CdS thin films preferable for thin film 

transistor technology which acquire fast response and mobile charge carrier transport.    

4. Conclusions 

In the current study we have investigated the effects of insertion of yttrium between two layers of CdS 

on the physical properties of CdS thin films. The yttrium atoms substituted sites of Cd causing 

compressing strain that in turn decreased the grain size and increased the microstrain and defect density 

values. Optically, the absorbability of the CdS increased upon Y-participation. The increased 

absorbability is associated with enhanced photoconductive response and improved dielectric property. 

On the other hand, the electrical analysis revealed the suitability of the CdS/Y/CdS  device for use as 

band stop filters of notch frequency of 1520 MHz.      
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List of Figure Captions 

Fig. 1. (a) The X-ray diffraction patterns for yttrium, CdS and CdS/Y/CdS films, (b) the scanning 

electron microscopy images (SEM) for CdS/Y/CdS films and (c) The energy dispersive X-ray spectra 

(EDS) for CdS/Y/CdS films. The inset of (a) show the shift in the XRD main peak, inset of (b) show 

the SEM image for CdS and inset of (c) show the scanned area for the EDS test.   

Fig. 2. (a) The transmittance, (b) the reflectance   and (c) the absorption coefficient spectra  for the 

CdS and CdS/Y/CdS films. The inset of (c) show the absorbability spectra.    

Fig. 3. The Tauc equation plots in (a) the second and (b) third absorption region, (c) the dielectric 

spectra and (d) the photocurrent-power dependence for the CdS and CdS/Y/CdS thin films.    

Fig. 4 (a) the capacitance, (b) the impedance, (c) the reflection coefficient and (d) the return loss spectra 

for the Yb/CdS/Au and Yb/CdS/Y/CdS/Au devices.   

Fig. 5 The optical conductivity for CdS/Y/CdS samples. The dark circles represent the fitting of the 

optical conductivity with the help of the Drude-Lorentz model.    
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Table 1: The fitting parameters for CdS/Y/CdS nanosandwiched films in accordance with Drude-

Lorentz model   

CdS/Y/CdS  

     1           2           3         4               5  i 

30.00      1.00      0.75     0.60          0.70 τ i (fs) 

1.6         3.2         4.2       5.2            6.2 Wei (x1015 Hz) 

1.2          2.0        8.50     13.0          14.0 n(×1017 cm-3) 

475        16          12        10             11 µ (cm2/Vs) 

0.62       0.80       1.64     2.03          2.11 Wpei (GHz) 
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Research Highlights 

- 70-nm yttrium layer inserted between two 500-nm CdS films  

- Y increased the lattice parameters and formed a strained structure  

- The optical absorbion is enhanced at 1.74 eV and the bandgap redshift 

- The photosensitivity increased 21 times by the insertion of a Y interlayer 

-  CdS/Y/CdS film structures show negative capacitance and microwave filtering property.    

 

ACCEPTED MANUSCRIPT



Figure 1



Figure 2



Figure 3



Figure 4



Figure 5


