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Current research is a computational study on optical properties of Ag doped CdS based on the Perdew—
Burke—-Ernzerhof parameterized generalized gradient approximations. Observing change in optical properties under
various concentrations on CdS:Ag system, by fixing supercell size is a focus of study using density functional theory.
Computational formulation is done by substitution of Cd atoms with Ag atoms in host CdS lattice. Results reveal
that optical properties are enhanced upon increasing dopant concentration. Optical absorption shows blueshift and
increases in visible region. Coupling of S p and Ag s states are obvious from plots of density of states. However, Ag
doping brings significant change in optical properties which may lead towards advocacy of CdS for optoelectronic

devices.
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1. Introduction

During past decades, numerous research studies have
been conducted in order to understand optical properties
of certain semiconductors. It helps in fabricating devices
and reshaping technology at nanoscale. Nanomaterials
due to their quantum effects and opto-magnetic proper-
ties have tremendous potential applications in optoelec-
tronics and spintronics [1, 2]. Few of semiconductors in-
cluding CdSe, ZnS, ZnSe and CdS have been studied at
nanoscale [3, 4]. Cadmium sulfide (CdS) is most stud-
ied material among II-VI group semiconductors due to
its exceptional optical and magnetic properties especially
owing to its band gap 2.42 €V [5]. It has striking im-
pact in revolutionizing areas of research related to solar
cells [6-8], photocatalysis [9, 10|, photodetectors [11, 12],
biotechnology [13], field effect transistors, and in certain
gas detectors. Moreover, it is still proving itself as best
candidate for areas of spintronics, non-linear optics [14],
light dependent resistors [15], and pigment solar cells [16].
CdS has also been widely used in study of detecting vis-
ible light.

CdS has three different structural occurrences in na-
ture which are wurtzite (WZ), zinc blende (ZB), and
rock salt. They are identified on basis of certain pa-
rameters called lattice constants. Hexagonal symmetry
of zinc-blende structures is based on four atomic basis
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and exhibits polymorphous behavior. Wurtzite [17] and
zinc-blende structures of CdS are degenerated energet-
ically. Formation of wurtzite structure is face centered
cubic lattice while zinc-blende structure is hexagonal.
Rock-salt structure of CdS exists in cubic form which is
generally found in nanocrystallite form [18, 19], empha-
sizing its uses in recent development of nanotechnology.
Due to nanotechnological applications of rock salt CdS,
it is mostly studied in research for predicting electronic,
electrical and optical properties. Because of these rea-
sons, rock-salt phase of CdS is preferred over WZ and ZB
phases. Junaid Igbal Khan et al. [20] have theoretically
worked with rock-salt CdS in order to find optical prop-
erties with Cu doping. Current research work (CdS:Ag)
shows interesting results which have been first ever re-
ported with strong literature background. All results
have been expressed graphically and show good compar-
ison of pure CdS with varying concentration of dopant
(Ag). Hence this study is unique and alluring in its na-
ture for readers.

Over past years, much of research on CdS as host ma-
terial has been conducted experimentally but theoreti-
cal study particularly focused on optical properties are
hardly found. Doping CdS with certain dopants is ex-
pected to enhance optical, electrical, and electronic prop-
erties. A number of experimentalists have conducted
research in order to investigate physical properties of
doped CdS [21-24]. Theoretical studies which mandate
experimental outcomes of CdS are not developed. Dop-
ing transition metals with CdS have revealed interest-
ing facts which further emphasizes its uses in most of
recent technological applications [25-27]. Ristova et al.
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have experimentally studied Ag doped CdS thin films
system by chemical deposition through ion exchange pro-
cess. Their findings consist of X-ray diffraction (XRD)
spectrum, increase of dark conductivity and decrease of
photoconductivity upon increasing Ag contents. The in-
crease in conductivity signifies its window layer appli-
cation in photovoltaic cells [28]. Saikia et al. have
carried out experimental study of CdS quantum dots
which were prepared in thin film by dip coating tech-
nique and their study constituted by XRD, optical prop-
erties (absorption and transmission), scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) analysis. Through their experimental analysis,
they reported that by doping silver into CdS, solar effi-
ciency is increased [29]. Also, Grodzyuk et al. have done
experimental study of Ag doped CdS nanoparticles and
found that silver doping in CdS may bring an increase in
the luminescence intensity by five times. They concluded
that addition of Ag ions in CdS nanoparticles will not
bring any remarkable change in nanocrystal [30]. Mocha-
hari et al. in 2017 [31] have observed increase in dielectric
constant and refractive index which increases with in-
creasing ion fluence. All experimental studies have been
focused on nanoparticles of CdS [4] but theoretical study
has not been presented yet which will demonstrate com-
parison of experimental and theoretical results. Jianbo
Yin et al. have done experimental and theory simulation
of Ag substituted Cd in CdS quantum dots. They found
change in optical properties due to Ag substitution [32].
Their theoretical results are achieved using Cambridge
Serial Total Energy package module (CASTEP) of ma-
terial studio 6.0 version. Theoretical findings related to
rock-salt CdS:Ag system which may be compared with
experimental results are rarely found in literature and it
is motivation of our study. Hence theoretical study of
Ag doped CdS is found in literature using CASTEP but
results obtained by Wien2k code are for the first time
reported in our study.

In the present research work, we focus on compu-
tational approach while doping Ag into CdS host lat-
tice. We shall calculate optical properties including ab-
sorption, reflectance, dielectric constant, index of refrac-
tion, extinction coefficient and conductivity by substi-
tuting Cd with Ag atoms. Partial density of states
(PDOS) and total density of states (TDOS) of doped sys-
tem are to be calculated. The Perdew—Burke—Ernzerhof
(PBE) parameterized generalized gradient approxima-
tions (PBE-GGA) is employed using density functional
theory (DFT). Results are compared with those reported
in literature. Wien2k code is used for entire calculations
in order to meet challenges of computational field.

2. Computational method

In current study, we assumed rock-salt structure of
CdS for calculations in order to find change in opti-
cal properties which may have surprising applications.
A supercell of 1 x 2 x 2 configuration with 32 atoms
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is simulated. We performed first principle calculations
using PBE-GGA approximations and observed concen-
tration effects on electronic and optical properties of Ag
doped rock-salt CdS. PDOS, TDOS and optical proper-
ties have been calculated for Ag concentration of 3.12%,
5.88%, 9.37%, and 12.5% while substituting Cd atoms
by Ag atoms in host CdS (rock salt) lattice. Impurity
atoms (Agt!) were easily incorporated due to smaller
ionic radius (0.94 A) in comparison to Cd*? atoms hav-
ing larger radius (0.97 A) [33]. Supercell is symmetri-
cally simulated, based on o = § = v = 90° and Fm-3m
space group. Atomic relaxations are executed by employ-
ing self-consistency criterion with minimum charge and
energy convergence 1072 C and 1072 eV, respectively.
The Monkhorst-pack scheme was opted for k-points and
all calculations are looped with 1000 k-points sampling.
Optical properties such as optical absorption, conductiv-
ity, extinction coefficient, reflectivity, index of refraction
and dielectric constant have been evaluated through sim-
ulation of corresponding crystal geometries optimized by
computational scheme. Moreover, comprehensive com-
parison of change in optical properties for case of pure
CdS and for various dopant (Ag) concentrations is pre-
sented. Several interesting facts have been explored in
entire context with strong literature background.

3. Results and discussions

Structural forms of CdS exist in three configu-
rations (wurtzite, zinc-blende, and rock-salt forms),
among which the rock-salt form (cubic phase) is most
famous due to its existence in nanocrystallites or
nanoparticles. Also due to quantum confinement ef-
fects, these structures (rock-salt phases) carry impor-
tance. Figure 1 represents 1 x 2 X 2 supercell im-
ages of rock-salt CdS structure for pure CdS and with
3.12%, 6.25%, 9.35%, and 12.5% Ag (dopant) con-
centrations at various configurations such as (0,0,0),
[(0,0.0), (0.0.1/2)], [(0,0,0), (0,0.1/2), (0,1/2.0)], [(0.0.0).
(0,0,1/2), (0,1/2,0), (0,1/2,1/2)]. Due to presence of im-

(a) (b) (©)

Fig. 1. Rock-salt structure of Ag doped CdS (1x2x2)
for, (a) pure CdS, (b) 3.12%, (c) 5.88%, (d) 9.37% and
(e) 12.5% Ag-concentration effect. Blue, green, and red
are Cd, S, and Ag, respectively.



Optical Changes in Rock-salt CdS System under Increasing Silver Concentrations Effects

purity Ag atoms at different lattice sites as well as in-
crease of the number of impurity atoms, variations in
the electronic and optical properties of the doped system
are expected. This might be caused by the variations
in the electronic configurations and change in the rear-
rangement and redistribution of local charges.

Possible information about occupying energy states of
electrons can be encoded in context of DOS which pro-
vides detail of states to be occupied. Orbitals from indi-
vidual atoms within a particular supercell configuration
usually involve in composing DOS. TDOS and PDOS for
pure and silver (Ag) doped rock-salt CdS with various
concentrations are demonstrated in Figs. 2-4 on energy
axis. The Fermi level is shown in all plots by dotted line
which shows separation of valence and conduction band.
It is obvious that there is coupling of Cd s, S p, and
Ag s orbitals. Silver has one valence electron (5s!) in
atomic state which is isolated but upon doping its va-
lence electrons can make bonds with neighboring sulfur
atoms. Addition of Ag atoms (dopant) in CdS host lat-
tice may provide enough number of electrons adjacent to
the Fermi surface and this mechanism may be explained
by DOS plots.
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Fig. 2. (a) Partial density of states and (b) total den-

sity of states of pure CdS.

Present study is a computational work based on Ag
doped rock-salt CdS system. The orbital trend for pure
CdS 1 x 2 x 2 supercell configuration has been demon-
strated in Fig. 2 as TDOS and PDOS. It is clear that
Cd 5s and S 3p make covalent bonds and electrons from
these orbitals mutually form CdS compound. Two elec-
trons are shared by Cd with that of S atom and as a
result S~ and Cd?* are formed. From graphical trends
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of DOS for pure rock-salt CdS, it is clear that top of va-
lence band (0 to —5 €V) mainly comprises of S p and Cd d
bonding states while conduction band (0 to 4.5 €V) con-
tains bonding states of Cd s and S p. It is observed that
sulfur p-orbitals play prominent role in conduction pro-
cess. Also, conduction band minimum has least impact
of Cd d states and S s states.

From PDOS presented in Fig. 3, we can interpret elec-
tronic behavior of Ag doped CdS system with various
concentrations. Figure 3 is representation of PDOS for
all concentrations including 3.12%, 6.25%, 9.37%, and
12.5%. Various plots for specific concentration denote
orbital coupling in both valence and conduction band.
Transition of electrons in each concentration is remark-
ably observed. Individual states of each constituent atom
have been figured in energy range —15 to 10.5 eV. These
states show narrow and extending distribution in both
transition bands. After heedful analysis of PDOS and
TDOS, it is observed that individual states of Ag doped
CdS system is contributed in three different regions.
First region in valence band is restricted in range —5.3
to —0.1 eV. In this region Cd s, S p and Ag d states
are most prominent with least impact of Ag s and S s
states. In third concentration (9.37%), first region con-
tains stretched overlapping of Cd s,p and d-orbitals and
lies in —6.3 to —0.1 eV. Second region lies in range —8.3
to —6.7 eV and contains contributing states of Cd d,
S p with minor Ag d states. In CdS:Ag (9.37%) con-
centration Cd d states are stretched significantly (—9.1
to —7.7 €V) as compared to other concentrations. Third
region spans within —13.2 to —11.8 eV (energy range),
represents major contribution of Cd d, S s and Ag d
states with least impact of Ag p, Cd s and S p states.
It is clearly observed that in third region tip of Ag d
states rises from first (3.12%) to third (9.37%) concen-
tration but again start decreasing in last concentration
(12.5%). The reason may be associated with fact that
dopant (Ag) injection into host rock-salt CdS lattice can
margin impurity states of conduction band. It may also
be due to involvement of different valence electrons of
dopant (Ag™) with that of Cd?*, causing bonding ef-
fect. Moreover, arrangement of extranuclear electrons is
also different due to impurity states [32]. In all concen-
trations, it is important to note that Ag s and p-states
are almost diminishing over lower energies but become
significant over large values of energy. On other side,
conduction band minimum contains Cd s, S p and Ag s
states along with least population of Cd d, S s and Ag d
states. Impurity level has localized states in vicinity of
the Fermi level and bends toward conduction band. By
increasing Ag concentration in host material, we observe
leaning of impurity levels toward conduction band which
shows that electro-conductivity has increased. More-
over, distribution of different states in three energy re-
gions may be responsible for tuning optical and electronic
properties with good conductivity of Ag substituted CdS
system. Our PDOS results match with study reported
by Jianbo Yin et al. in 2016 in which they calculated
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Fig. 3.

photoluminescence and density of states of wurtzite
CdS [32]. The difference may be due to assumption
of rock-salt structure and DFT approximations. How-
ever, leaning of impurity states can be described by the
expression,

E.— FE
n = Neexp (_k:TF> :
B

where N, is the density of states, n is concentration of
electrons, E. is energy of conduction band edge, kg is the
Boltzmann constant and T is absolute temperature [34].
Change in the concentration of electrons depends on the
difference between E. and Er in the equilibrium condi-
tion, which causes leaning of impurity states toward con-
duction band. Therefore, extrinsic semiconductor shows
an imbalance in the electron and hole concentration be-
cause the dopants are fully ionized. Due to this, the
Fermi level shifts from the center of the band gap toward
either the conduction band or valence band depending
on the type of dopant. That is why the dopant injection
into host CdS lattice can induce impurity states in the
band gap region due to involvement of different valence
electronic states of (Ag™) with that of Cd?*.

Plots of TDOS represent curves which are obtained
as solution of the Kohn—Sham equations. Occupied and
unoccupied energy levels have been plotted in energy
range —15 to 10.5 eV. Different graphical trends with
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PDOS for Ag doped CdS in case of (a) 3.12%, (b) 5.88%, (c) 9.37%, and (d) 12.5% Ag-concentration effect.

various concentrations can be seen in Fig. 4 which is an
interpretation for TDOS. After quick analysis of TDOS
plots for all concentrations it is interpreted that role of
dopant atom (Ag) is vital in entire story of electron tran-
sition from valence to conduction band. Hence it may
provide sufficient number of electrons necessary for en-
hancing conductivity of CdS:Ag material. TDOS plots
contain states distribution of individual atoms in narrow
and spacious regions. Due to the addition of Ag, impu-
rity states are created which cross over the Fermi level
extending themselves into the conduction band region.
In valence band, first region is occupied within —5.4 to
—0.3 eV energy and shows coupling of states where Ag
states are most prominent with least contribution of Cd.
First region in case of CdS:Ag (9.33%) is extending to-
wards energy range from —1 to —6.3 eV. Second region
spread over —6.8 to —8.3 eV for pure CdS now shifted to-
ward lower energies due to doping of Ag, which occupies
maximum energy states of Cd atom with minimum role
of Ag atom. However, a large shift appears for CdS:Ag
(9.33%) bounded between —9.2 to —7.7 €V but coupling
of states in this region is same as rest of concentrations.
Third region situated between —13.0 to —11.5 eV for
pure CdS is now shifted to —13.2 to —11.8 eV by doping
of Ag, in which sulfur states are dominant with mini-
mum contribution of Ag states. A bit different behavior
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is traced in third concentration where third region in va-
lence band spans remarkably wide over interval of —14.1
to —12.8 eV as evident from Figs. 2 and 4. Hence, ef-
fect of impurity (Ag) addition causes generation of more
states which plays significant role in optical and elec-
tronic properties. Furthermore, it is also illustrated by
Fig. 4, that dopants states in the valence band decrease
in vicinity of the Fermi level from 5 eV~ for least dopant
concentration to below 4 eV~! up to third concentration
(9.37%) but for Ag concentration of 12.5%, it increases
again above 4 eV~! causing a favorable change in optical
and electronic properties.

Through TDOS analysis, it is admiring to mention that
as Ag concentration is increased, more states transferred
to conduction band which in result increases conductiv-
ity and optical properties are enhanced. Since dopant
states cross the Fermi level, its role becomes dominant
upon increasing its concentration which emphasize its
importance for many applications. Due to this reason,
Ag substituted CdS system is most suitable for devices
used in optoelectronic and spintronic.

3.1. Optical properties

Optical properties are important due to fact that they
help in transforming technology at nanoscale. Research
on CdS nanoparticles becomes significant because of
quantum confinement effects which predict optical prop-
erties. An unprecedented change in structural, optical,
and electrical properties may emerge due to doping with
certain metals in CdS host lattice. Ag substituted CdS
system may highlight quantum trap for excited electrons
which in turn helps in understanding basic physics, en-
coding possible changes in physical properties. CdS:Ag

o
Energy (eV)

TDOS of Ag doped CdS in case of (a) 3.12%, (b) 5.88%, (c) 9.37%, and (d) 12.5% Ag-concentration effect.

doped system exhibits nominal sensitivity while study-
ing absorption effects which appear due to interaction
of electromagnetic radiations. Results presented in cur-
rent study, are obtained by DFT calculations and plots
(Figs. 5-7) for optical absorption, conductivity, extinc-
tion coeflicient, reflectivity, index of refraction and dielec-
tric constant are sketched. Graphical trends are analo-
gous to existing literature findings. Figure 5a represents
optical absorption for various concentrations including
pure CdS. Evidently, absorption increases with increase
in energy up to certain energy value leading to absorp-
tion maxima, which afterwards shows decreasing trend.
Absorption trends for pure CdS and various Ag concen-
trations have been shown in energy range 0-8 eV. Absorp-
tion of pure CdS is maximum at 4.8 eV while for all Ag-
concentrations peaks lie at different energies than that of
pure CdS which shows change in optical properties after
Ag doping. Graphical trends for all concentrations are
almost similar but for highest Ag-concentration (12.5%),
behavior is relatively different illustrating peak splitting,
and having maximum absorption at 5.0 eV. From graphi-
cal manifestation, it can be seen that all graphs are grad-
ually increasing and then decreasing after attaining max-
imum values to certain 5.9 eV. It then increases further
up to 6.4 eV for all concentrations and decreases after-
wards. Absorption trend decreases within 5-8 eV. Be-
yond maximum value of absorption for all concentrations,
oscillatory trend is observed which is almost constant for
higher energy values. This increasing trend of absorp-
tion matches with the results presented by Junaid Igbal
Khan et al. [20] where they studied optical properties of
Cu doped rock-salt CdS system. It is further noted that
absorption curves shift slightly towards higher energies



1104

220
2

“E 2004
5 .
=180
160
2140
=120+
.2
=100
80 4

— Pure CdS|
3.12%
— 5.88%
— O .37 %
12.5%

(@)

(Arbi

2]
o
M

Optical Absor|
»
o

N
o o
M

[=]
Iy

2

Pure CdsS
— 3.12%
6.25%
9.37%
12.5%

Extinction Coefficient (Arbitray Units)

Energy (eV)

Fig. 5.
doped CdS system.

6.0
-------- Pure CdS
560 e 3.12%
5.0- — 6.25%
— 9.36%
4.5+ — 12.5%

Index of Refraction (Arbitrary Units)

0 1 2 3 4 5 6
Energy (eV)
Fig. 6. Index of refraction of (a) pure CdS and Cd:Ag

system with (b) 3.12%, (c) 6.25%, (d) 12.5% Ag-

concentration effect.
and the absorption maxima moves from 4.8 eV for pure
CdS to 5.08 eV for CdS with 12.5% Ag as depicted by
Fig. 5a. Therefore, it is reasonable to state that by in-
creasing Ag concentration, absorption spectrum is blue
shifted upon increase in photon energy (frequency). Shift
in absorption peaks may be related to quantum size ef-
fect and is associated with decrease in crystallite size [35].
Shift in absorption peaks with increase of Ag concentra-
tions represents blue shift which points strong bonding
and interaction of dopant (Ag) atoms with CdS [36]. Blue
shift may be associated with reasoning that introducing
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Ag into host rock-salt CdS lattice induces defects, which
cause shift in absorption curves. However, change in elec-
tronic transitions brings change in absorption curves blue
shift [32]. This blue shift may be associated with reason-
ing that CdS:Ag material is in nanoscale regime as dis-
cussed by Muruganandam [37]. Blue shift explains nano-
applications of Ag doped CdS which can be used com-
mercially in device fabrication. Silver doped CdS system
exhibits high absorption in ultraviolet region (~ 248 nm);
however, it decreases in visible and near IR regions. This
blue shift in absorption spectrum is analogous to the re-
sults reported by Nithya and Boopathi [36] where they
carried out experimental study of Ag doping effects on
CdS with various concentrations and presented structural
(XRD, SEM) and optical properties (absorption, FTIR)
of CdS nanoparticles. Difference may be due to fact that
they focused on experimental study of wurtzite CdS while
our findings are theoretical, based on rock-salt CdS struc-
ture, calculated within DFT framework with certain ap-
proximation in Wien2k code. Blue shift appears due to
introduction of Ag in host lattice (CdS) and may lead
to structural defects as stated in [32]. Moreover, differ-
ent peaks shift toward lower wavelength region may be
connected to strong quantum confinement effects which
are incumbent for enhancing optoelectronic properties of
materials [38]. However, peak which emerges between 0
and 1.5 eV may be associated with lattice defects due to
ionic rearrangement because Ag™ have different chemi-
cal valence than Cd?*. This fact might cause reordering
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of extranuclear electrons suggesting weak interaction of
Ag to CdS [32]. Because of this, no plasmonic effects or
appreciable broadening is observed [39]. So a high con-
centration of Ag is suggested because it will bring more
prominent effects as obvious from 12.5% concentration
in comparison to rest in our theoretical study. It is re-
markable to mention that we do not observe any such
peak in case of absorption of pure CdS spectrum. Higher
absorption peaks with increase of Ag concentration is
in accordance with the work reported by Salmana et al.
in [40] while differences are due to theoretical formula-
tions carried out with certain approximations and their
work is based on experimental formulation.
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Fig. 7. Dielectric constant of (a) pure CdS and Cd:Ag
system with (b) 3.12%, (c¢) 6.25%, (d) 12.5% Ag-
concentration effect.

Graphs portrayed in Fig. 5b represent optical conduc-
tivity behavior of pure and Ag substituted CdS system
for various concentrations. It can be seen that conduc-
tivity increases with increase in energy (eV). Graph has
been sketched between energy values 0 and 6 eV along
z-axis. Graphical trends are almost similar for pure and
all concentrations except highest (12.5%) concentration
which has maximum conductivity at 5.02 eV. Conductiv-
ity curves are rising in all cases up to a certain value and
then decrease which further become almost constant for
higher energy values. It may be due to fact that during
absorption more photonic energy is absorbed which ex-
cites electron transitions. These transitions of electrons
in turn increase conductivity of CdS:Ag material. This
reasoning may be associated with theoretical findings re-
ported by Yan-Xiao Han et al. in [41].

In optics, extinction coefficient is very important and
physically describes absorbance of radiations for a par-
ticular wavelength. It is complex part of refractive index
and is related to light absorption. Figure 5c represents
change in plots of extinction coefficient for pure and sil-
ver doped CdS for various concentrations. The behavior
of graph is marked with energy variation in the range
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0-7 eV along z-axis. Plots are obtained by DFT calcula-
tions simulated for many electrons system. From Fig. 5c,
it can be seen that plots of extinction coefficient are in-
creasing with increase in photon energy. Extinction co-
efficients are related to absorption coefficient by relation
A
CArn’

where k and « are extinction and absorption coefficients,
respectively. Hence, we observe a clear resemblance be-
tween Fig. 5a and c. Constant increase and decrease in
curves may be referred to absorption of light incident at
grain boundaries [42]. Increase in extinction coefficient
values with corresponding energies may be reasoned due
to the quantum confinement effects which further con-
nected to crystalline size and its variation [43]. Peaks
which emerge in low energy region 0-1.5 eV may be rea-
soned to incorporation of Ag™ in host CdS lattice and
also due to quantum effects which appeared during sub-
stitutions. The peaks may be associated to localized
density of states near the Fermi edge upon addition of
doping atom (Ag). It is clearly remarked that extinction
coeflicient curves are more pronounced in case of highest
concentration (12.5%). However, DFT values for k are
larger (0.6-1.0) than experimental value (kK = 0.5) for
pure CdS thin films at energy 1.96 eV (632.8 nm) [44].
All concentrations excluding 3.12% concentration (for
which k& = 0.1) have higher extinction coefficient values.
These trends for extinction coefficient have good agree-
ment with experimental work reported in [40].

Figure 5d represents graph of optical reflectivity for
pure and Ag doped CdS with various concentrations as
simulated by DFT. Various curves are obtained while
plotting reflectivity with energy variation between 0 and
7 eV along x-axis. Graph for pure CdS shows steady
increase which to an extent resembles to that of 3.12%
Ag concentration but for rest of concentrations different
trends are observed. However, for all concentrations of
Ag doping, reflectivity first decreases rapidly up to 1.2 eV
and then increases gradually for further rise of photon en-
ergy. It can also be seen from Fig. 5d that the reflectivity
of 6.25%, 9.37% and 12.5% first decreases in different en-
ergy regions. It then shows steady rise in certain steps
until 3.12% (4.8 eV), 6.25% (5.0 eV), 9.37% (5.0 eV) and
12.5 % (5.1 eV). It further decreases suddenly, increases
and then becomes almost constant for high energy values.
Reflectivity increases in visible region as we increase Ag
content in CdS lattice. The unusual trend of reflectivity
of Ag doped CdS system in energy range 0—1.5 eV may be
due to incorporation of Ag™ in host CdS lattice. Reflec-
tivity trends matches with the work as reported in [40, 45]
but difference may be due to reason that their calcula-
tions are experimental based while our calculations are
theoretical encoded within DFT simulation.

For better comprehension of optical properties of any
system, refractive index is very important physical quan-
tity which needs to be analyzed. It helps in understand-
ing atomic interactions at microscopic level. In Fig. 6, a
graphical analysis of refractive index is presented. Graph
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is meant for Ag doped CdS for various concentrations
including pure CdS. Variations in curves for all concen-
trations have been observed in energy 0-6 eV along z-
axis. It can be seen that graph of 3.12% concentration
increases slightly and decreases (0.7 €V) while for rest
of higher concentration, graph expresses sudden decrease
6.25% (0.8 €V), 9.36% (0.9 eV), and 12.5% (1.0 eV). After
this, graph for all concentrations shows slight increase in
different steps until it attains maximum value at 3.12%
(3.8€V),6.25 (3.4€V), 9.36 (3.6 V), and 12.5% (4.96 eV).
The graph then decreases and adopts constant behavior
for higher energy values. Sharp increase in value of in-
dex of refraction within energy 1.0 to 4.9 eV, represents
energy losses which may occur due to scattering, free
carrier absorption, photogeneration and phonon genera-
tion [42]. Index of refraction has highest value ~ 5.79
for third concentration (9.36%). For other concentra-
tions, refractive indices are 3.12% ~ 3.6, 6.25% =~ 5.6,
and 12.5% = 5.59. Experimental calculated value of re-
fractive index is 2.38 at energy 1.96 eV (632.8 nm) while
our DFT calculated values are higher than experimen-
tal value. Hence high value of refractive index of Ag
doped CdS system emphasizes its use in optoelectronic
devices [31, 46, 47].

Photon has electric field which is responsible for op-
tical transition of occupied and unoccupied states. Be-
cause of this reason, optical properties of particularly di-
electric constant and extinction coefficient carry mandate
while focusing on optics of any physical system. Dielec-
tric function consists of real and imaginary parts

€ =€ + ieg,
where (€1, €2) are real and imaginary parts of dielec-
tric constant, respectively. Real part (e1) is connected
to anomalous behavior and polarization while imaginary
part is defined in terms of real part of conductivity o
(i.e. e2 = %), This imaginary part represents en-
ergy dissipation into the material which might appear
as conductivity and optical conductivity traits have al-
ready been expressed in Fig. 4b [48, 49|. Figure 7 is a
plot for dielectric constant of Ag doped CdS system with
various concentrations effects. From cursory inspection
of graph, it is evident that curve for pure CdS has steady
increase but for 3.12% concentration increases up to en-
ergy =~ 0.4 eV and later on decreases suddenly. From
Fig. 7, the dielectric constant depicts a sudden decrease
in different energy regions in the vicinity of 0.8 eV for
all 3.12%, 6.25%, 9.37%, and 12.5% concentrations. Af-
ter the minima, a steady increase in trend is traced in
between 0.8 and 3.0 eV which suddenly decreases again
to 4.6 eV but the curves have been displaced little bit
for all concentrations. Another peak emerges at 4.9 eV
and afterward graph becomes constant for high energy
values. However, static dielectric constant values for var-
ious concentrations are 8.6 (pure CdS), 13.27 (3.12%),
31.80 (6.25%), 33.64 (9.37%), and 30.70 (12.5%). These
values are higher than experimental value of CdS [20, 50].
Results are in good agreement with the findings reported
in [31, 40]. Most of dielectric properties appear in low
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energy (frequency) regions due to quantum confinement
effects. Moreover, theoretical DFT based calculations
exhibit dependence of high energy dielectric constant on
valence electron plasmon energy.

4. Conclusion

We studied PDOS, TDOS and optical properties of
Ag doped CdS using Wien2k code for DFT calculations
by applying PBE-GGA approximation. Optical absorp-
tion including conductivity, extinction coefficient, opti-
cal reflectance, index of refraction, and dielectric con-
stant for varying concentrations of dopant (Ag) with
fixed supercell size (1 x 2 x 2) show slight change due
to quantum effects, lattice defects, and Ag substitu-
tions. Blue shift in absorption spectrum and a de-
crease in dielectric constant are observed as we increase
doping concentration. Optical conductivity is enhanced
upon doping Ag into CdS and most contributing orbitals
are Cd s, S p and Ag d.
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