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Recently, direct band gap double perovskites have become more popular among the photovoltaic research
community owing to their potential to address issues of lead toxicity and structural instability inherent in
lead halide (simple) perovskites. In this study, an In-Ag-based direct band gap double perovskite, Cs, AgInClg
(CAIC), is treated with transition metal doping to improve the optoelectronic properties of the material.
Investigations of the structural and optoelectronic properties of Cu-doped CAIC, Cs,Ag(;_,,Cu,InCls, are done
using ab initio calculations with density functional theory and virtual crystal approximation. Our calculations
show that with increasing Cu content, the optimized lattice parameter and direct band gap of Cs,Ag(;_,,Cu,InClg
decrease following linear and quadratic functions, respectively, while the bulk modulus increases following a
quartic polynomial function. The photoabsorption coefficient, optical conductivity, and other optical parameters
of interest are also computed, and the obtained spectra indicate enhanced optical properties at higher Cu contents.
Based on our results, transition metal (Cu) doping is a viable means of treating double perovskites, by tuning their
optoelectronic properties to be suitable for an extensive range of photovoltaics, solar cells, and optoelectronics.
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I. INTRODUCTION

Perovskite-based solar cells (PSCs) have recently been pro-
moted as a renewable technology option for conventional solar
cell technology capable of tackling global energy demands
and climate change challenges owing to their economic and
environmental viability [1]. Their emergence as one of the
most promising emerging technologies has aroused the inter-
est of the photovoltaic community, owing to their increasing
power conversion efficiency from 3.8% in 2009 [2] to 25.2%
[3], materials availability, low production cost, and ease of the
fabrication process [4—10].

One of the core elements governing PSC performance
is perovskite materials, typically CH3NH3;Pbl; or MAPbI
(methyl ammonium lead triiodide), serving both as light
harvesters and charge carrier mediators [2,5,11]. Over the
years, numerous studies have shown MAPbDI to possess ap-
pealing qualities needed for photovoltaic and optoelectronic
applications, such as a suitable band gap (~1.5 eV), good pho-
toconductivity, considerable lifetime diffusion length (>100
pm), high optical absorption coefficient, great bipolar trans-
porting capability, defect tolerance ability, and low carrier
effective masses with high mobility [12-25]. Despite having
these exceptional properties, MAPbI still faces some funda-
mental issues, such as structural instability, toxicity associated
with lead, photocurrent hysteresis, and scalability [26-31],
which have hampered their large-scale commercialization as
viable PSCs.
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Several attempts have been made to address the most fun-
damental issues of instability and toxicity inherent in halide
perovskites, such as multication substitution, hydrophobic
moiety incorporation (e.g., hydrophobic polymers), surface
passivation of a perovskite absorber, carbon encapsulation,
a low-dimensionality scheme or treatment, and lead replace-
ment with nontoxic elements [26,32-38]. Reports have shown
that (i) substituting Pb with nontoxic group IVA elements
(Sn, Ge) results in chemical instability and poor device per-
formance owing to oxidation to their 44 states [39-42] and
(ii) substituting it with isovalent elements (Bi, Sb) leads to
reduced device efficiency [43]. This has thus created the need
to develop novel classes of materials that are capable of tack-
ling the instability and toxicity issues while still retaining
the appealing properties of the Pb-based halide perovskites
(LHPs).

As of late, double perovskites (DPs) are beginning to gain
popularity in the photovoltaic community owing to their abil-
ity to tackle issues of Pb toxicity and structural instability
[44,45]. A DP is represented by the general A,M'M" X sto-
ichiometry, where A denotes a large cation like Cs or Rb,
M’ and M” represent monovalent and trivalent cations, re-
spectively (M’ = Ag™, Cu™, Nat; M” = In**, Bi*T), and X
indicates a halide (X = Cl1~,17,Br™) [44,45]. The mate-
rial properties of cation-ordered and vacancy-ordered DPs
have been investigated experimentally and theoretically to
determine their suitability for photovoltaic and optoelectronic
applications. Research findings have shown that most DPs ex-
hibit considerable thermal and mechanical stability compared
to Pb-based halide perovskites but possess a large band gap
with an indirect nature, which has limited their usage in solar
cell applications [44,46—49].
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Given this, attention is now drawn to direct band gap DPs.
Direct band gap DPs are at the forefront following the pio-
neering work by Volonakis and coworkers in 2017 in which
the Cs;AgInClg (CAIC) DP was proposed, synthesized, and
identified as a potential, environmentally benign replacement
for Pb-based halide perovskites for photovoltaic and other
optoelectronic applications [50]. CAIC is a direct band gap
DP with high thermal and mechanical stability, which crys-
tallizes in the fcc structure with space group Fm3m and has
an experimental lattice parameter of 10.469-10.481 A and
band gap of 2.5-3.3 eV [50-52]. These have made CAIC of
huge research interest and a potential alternative for LHPs.
However, pure bulk CAIC crystal or powder is character-
ized by a low photoluminescence quantum yield (PLQY) and
photoabsorption coefficient compared to CAIC nanocrystals
(NCs), and these are a result of parity-induced forbidden
transition [51,53-55]. In the quest to tune and optimize the
optoelectronic properties of DPs, experimental findings have
identified doping engineering as a viable way to achieve this
and thus having the potential of enabling their widespread
usability beyond photovoltaic applications [56,57]. Very re-
cently, reports showed the synthesis of a doped CAIC NC,
treated with transition (Mn) and posttransition (Bi) metals,
exhibiting high PLQYs, enhanced photoabsorption, and other
related optical properties when compared with pure CAIC in
either powder or NC form [53,58-60].

Numerical simulation has widespread application for a
variety of problems [61-63]. In particular, Monte Carlo simu-
lation and mathematical modeling have been widely applied
in the quest for more cost-effective fabrication of devices
[64-74], whereas properties of new materials have been
studied with quantum-mechanical calculations using density
functional theory for decades [38,45,75]. However, theoret-
ical studies based on density functional theory (DFT) on
M-cation doping in double perovskites are scarce. In a recent
study, Jiao and associates used a DFT scheme to investigate
material properties of the metal-alloying DP Cs,AgM,Brg
(M, = Sb, In, Bi), where indirect to direct band gap transition
was observed [76]. Transition metal (TM) doping can lead
to the enhancement of material properties, especially their
optoelectronic properties. Since Cu and Ag are both TMs and
isovalent cations, the former is used as the dopant for this
study. Previous studies have shown Cu doping to be effec-
tive in enhancing the photoluminescence and thermoelectric
properties of materials [77,78].

Based on the scope of our literature search, Cu doping
in CAIC has yet to be explored both theoretically and ex-
perimentally. Consequently, this paper seeks to investigate
the effect of Cu doping on the structural and optoelectronic
properties of CAIC (Cs,Ag(i—x)Cu,InCls) using the virtual
crystal approximation (VCA) approach within the framework
of DFT. VCA is a first-principles technique in modeling dis-
ordered solid solutions via pseudopotential averaging and is
effective in treating disordered systems [79-81]. This work fo-
cuses on only the bulk optoelectronic properties of perovskite
materials.

The remainder of this paper is organized in the following
order. In Sec. II, the computational methods employed for
the calculations are described. Section III is devoted to the

presentation and discussion of our results. Finally, a brief
summary of the work is given.

II. COMPUTATIONAL METHODS

In this work, the ab initio calculations for CAIC and
CspAg(1—»Cu,nClg (CAIC:Cu) solid solutions are per-
formed using the pseudopotential plane-wave technique based
on DFT as implemented in the QUANTUM ESPRESSO (QE)
software package [82,83]. Within the framework of DFT, the
structural and optoelectronic properties with the electronic
exchange-correlation (XC) potential are calculated using the
Perdew-Burke-Ernzerhof (PBE) functional [84] based on the
generalized gradient approximation (GGA). To circumvent
PBE band gap underestimation arising from self-interaction
error, the hybrid PBEO functional [85] is employed to treat the
electronic exchange-correlation potential for the calculations
of band structures.

For the electron-ion interaction, the optimized norm-
conserving Vanderbilt (ONCV) pseudopotentials [86] are
used for all calculations and construction of the virtual atoms
(Ag(1—x)-Cuy). The VCA method [79,80] is used to generate
the pseudopotentials of the virtual atoms (Ag, _,,-Cu,), where
the mixing ratio x is varied from O to 1 in steps of 0.1. The
plane-wave energy cutoff of 100 Ry and Monkhorst-Pack
special [87] k points of 8 x 8 x 8 are used for optimization
calculations and the calculations of the electronic band struc-
ture and optical properties, while denser k points of 12 x 12 x
12 are used for density of states (DOS) calculations. While
the convergence threshold for the self-consistent-field itera-
tion is set at 107! eV, the Broyden-Fletcher-Goldfarb-Shanno
minimization method [88] is employed for the geometry opti-
mization of the perovskites. All atomic positions are relaxed
until the Helmann-Feynman forces on each atom become less
than 20 meV//A.

To examine the optical properties of the perovskites,
density functional perturbation theory (DFPT) [89-91] as
implemented in QE is used to determine the complex
frequency-dependent dielectric functions &(w):

e(w) = e1() + ies(w). ey

From Eq. (1), o denotes the photon frequency, and &;(w)
and &;(w) are the real and imaginary parts of the dielectric
function e(w), respectively. The dielectric functions are com-
puted using the GGA-PBE approximation. To determine the
light-harvesting capability of the perovskites, the absorption
coefficient «(w) is calculated using

V2w

alw) ==

K —&1(w)], @

where

K = /e(0) + &3 ().

Other optical parameters of interest are optical conduc-
tivity, the refractive index, the extinction coefficient, and
the energy-loss function. The optical conductivity o (w) and
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TABLE 1. Perovskite formability factors for Cs,AgInCle and
CAIC:Cu solid solutions. Here x is the mixing ratio in steps of 0.1
O<x<l).

Material % t T

CAIC (x =0) 0.54 0.94 —4.79
Csy(Cu,Ag,_)InCls  0.44-0.53  0.94-1.00 —2.74to0o —2.48
CCIC(x=1) 0.43 1.01 —2.73

refractive index n(w) of the materials are computed, respec-
tively, using the relations

o) =" 3)
1
n(@) = =K+l @)

In terms of the complex dielectric function in Eq. (1), the
extinction coefficient k(w) and the energy-loss function L(w)
are determined, respectively, using

1
k(w) = EV[K —e(w)],

L(w) =

&)

& (w)
K2

(6)

III. RESULTS AND DISCUSSION
A. Formability evaluation

A typical double-perovskite structure is defined by the gen-
eral A,M'M"Xg stoichiometry. In this work, the metal cation
in the crystallographic A site is taken to be Cs, the transition
metal cation M’ = Ag, Cu, Ag(,_,,Cu,, and the posttransition
metal cation M” = In, while the halide X = Cl. To assert
the crystallographic stability of the CAIC:Cu solid solutions’
structure, the perovskite formability parameters are computed
using

_ (rw +rur)
o 27‘X

(ra +rx)
t = ———— , (8)
[t (]

2rx 2ra/(rye + ryr)
r=—"%  _pin- )]
(rye + rur) In[2r4 /(raer + 1ag)]

where w, t, and t are octahedral, Goldschmidt’s tolerance,
and new tolerance factors, respectively. r4, ry, ryr, and ry
denote the Shannon radii [92] for the corresponding ions,
and ny4 is the oxidation number of A. For stable perovskite
structures, the ideal ranges for u, ¢, and t are 0.44 < u <
0.9,0.81 <r < 1.11, and T < 4.18, respectively [45,93-95].
As presented in Table I, the results predict that CAIC and
the Cu-doped Cs;AgInClg solid solutions can form stable
three-dimensional perovskite structures, except for the pure
Cu-based compound Cs,;CulnClg (CCIC) with an octahedral
factor (0.43) slightly less than the lower limit of w. These
formability factors are not sufficient enough to assert the
material’s feasibility and stability.

Recent studies have shown CAIC is thermodynamically
stable, while its Cu counterpart (CCIC) is unstable [50,96].

, (N

FIG. 1. Polyhedral view of the Cs,AgInClg double perovskite
(space group Fm3m).

This intrinsic instability in the Cu(I)-based double perovskite
was attributed to the high energy level associated with the 3d
state of Cu [96]. Despite this, the pure Cu-based compound
is examined for the purpose of comparing its properties with
those of CAIC and CAIC:Cu solid solutions. The thermody-
namic stability of the Ag-Cu solid solutions with respect to
the formation of domains of the pristine CAIC and the pure
Cu-based compound CCIC is discussed in the next section.

B. Structural properties

The host perovskite, CAIC, crystallizes in the fcc phase
with a space group of Fm3m, and its crystalline structure is
illustrated in Fig. 1. The polyhedral view of CAIC was gen-
erated using VESTA [97]. Within the framework of DFT, the
lattice parameter a and bulk modulus By of the host perovskite
are calculated by fitting the total energy—unit cell volume
(E-V) data into the Birch-Murnaghan equation of state [98].
Following Han et al., who reported that the van der Waals
(vdW) functional is actually preferred for accurate description
of the lattice parameter of inorganic halide double perovskites
[99], we used the vdW functional to calculate the lattice pa-
rameter and found that for the double-perovskite CAIC, which
is the focus of this work, the result (10.5 A) obtained is on
the same order of magnitude as that obtained with the PBE
functional (10.6 A) when compared with experimental values
(10.5 A [50,51]). Hence, we use the PBE functional for all
calculations.

GGA-PBE slightly overestimates the lattice parameter for
the host perovskite. However, the computed optimized lattice
parameter for the host perovskite is comparable with exper-
imental values [50,51]. The above procedure is repeated for
CsyAg(1—x)Cu,InClg while varying the Cu content x from 0
to 1 in steps of 0.1. To ascertain the reliability of the VCA
method, the lattice parameter and electronic band gap of
Cs2(Cup5Ag 5)InClg are computed using a 2 x 2 x 2 super-
cell. From Table II, the results show an appreciable level of
agreement. However, a comparison of the lattice parameter
computed within the VCA and the supercell approach sug-
gests slight deviations from linearity.
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TABLE II. Lattice parameter a and electronic band gap E, of the
Cs,(CugsAgo.5)InClg solid solution calculated within different alloy-
ing approaches: virtual crystal approximation and supercell (SC).

This work
Method VCA SC
a(A) 10.55 10.59
E, (eV) 0.44 0.34

Figure 2(a) shows the optimized lattice parameters and
bulk moduli of CAIC:Cu solid solutions. To illustrate the com-
positional dependence of the computed lattice parameters, we
interpolate the computed lattice parameter to a linear function
of Cu content x, which gives the relation a(x) = 10.6297 —
0.1659x. This relation follows Vegard’s law—a consequence
of the alloying scheme. From Fig. 2(a), the lattice parameter
a decreases with increasing Cu content x, an indication that
the addition of Cu dopant will cause the crystal lattice of the
pristine CAIC to shrink. This may be attributed to the large
difference in ionic radii between Cu (0.77 A) and Ag (1.15 A).
Conversely, the bulk modulus By of Cu-doped CAIC tends to

(a) T T T T T T T T T
10.64 | . ‘:‘:;,-.-.:.::..&\ 1304
10621 T, -~ ™ 1303
< 1060 " & -
© N ‘,4. Calc. (Lat. parameter) - 30.2 =
e 10.58 | M 7 e Calc. (Bulk mod.) o
b 10.56 | > -- Polynomial fit (Bulk mod.)] 30.1 )
E . ﬂ/ “e. - Linear fit (Lat. parameter) | 39 o 5
§ 10541 S N ' E
g 10.52 Vel = 1292
b= ,/, “m, E}
% 1050 ~ S 198 @
J I/., \.\.
10481 ¢ .‘n\__ —429.7
m
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FIG. 2. (a) Calculated lattice parameters and bulk moduli as a
function of Cu content x in CAIC:Cu solid solutions. Linear and
polynomial fittings are presented. (b) Decomposition enthalpies AH
for CAIC and the CAIC:Cu solid solutions.

increase following the quartic polynomial function By(x) =
29.7007 + 1.0272x — 0.5070x% + 1.8260x° — 1.7483x*.

C. Material stability

Beyond the crystallographic formability evaluation, the
materials’ stability is imperative for their design, fabrication,
and commercialization. To assess the intrinsic stability of the
alloyed configuration of CAIC using the PBE XC functional,
we compute the decomposition enthalpy AH from the total
energies with respect to a possible decomposition pathway:
2CsyAgInClg = Cs3InyCly + CsCl + 2AgCl. The decompo-
sition enthalpies AH for the double perovskites are computed
as the total energy difference between the perovskite and its
compositions, given by

AH = 2E7[CAIC:Cu] — Er[Cs3In,Cly]
— E7[CsCl] — 2E7[Ag(j_,yCu,Cl] (10)

where Er denotes the DFT total energy of the correspond-
ing compounds. For the decomposition enthalpy calculations,
well-relaxed systems are employed. The assumed crystal
structures for Cs3In,Cly, CsCl, and AgCl are trigonal (R-3c),
cubic (Fm3m), and cubic (Fm3m), respectively. As depicted
in Fig. 2(b), the computed decomposition enthalpies are nega-
tive for CAIC and CAIC:Cu solid solutions and positive for
CCIC. The results suggest CAIC and CAIC:Cu solid solu-
tions are thermodynamically stable. Conversely, the positive
enthalpy value for CCIC suggests it is thermodynamically
unstable. This is consistent with previous reports on CCIC
[50,96].

D. Electronic properties

In this section, DFT based on the ab initio calculations
is used to examined the electronic structures of CAIC and
CAIC:Cu solid solutions. From DFT calculations, GGA-PBE
is first employed as the XC functional for the band structure
calculations. The calculated band gap of CAIC (1.00 eV) is
observed to be about 70% underestimated compared with the
experimental values (3.3 eV [50], 3.23 eV [51]). Negative
band gap values are obtained for CAIC:Cu at x = 0.8,0.9
and CCIC (x = 1) with GGA-PBE. To circumvent this un-
derestimation and improve the accuracy of the band gap, the
hybrid PBEO is used as the XC functional, and a band gap
value of 3.27 eV is obtained, which is in agreement with the
experimental value of Volonakis et al. [50].

To assess the spin-orbit coupling (SOC) effect in CAIC,
we compute PBE and PBEO band structures with or without
the SOC contribution and obtain band gap values of 1.01
and 3.29 eV, respectively. The difference between the cal-
culated band gaps with and without SOC using PBE and
PBEO functionals is ~0.01 and ~0.02, respectively. Table III
shows the comparative results of the calculated band gap with
other experimental and theoretical results. Comparing these
values to those obtained with PBE and hybrid PBEO shows
that the inclusion of SOC has an insignificant effect on the
electronic properties of CAIC and may be ignored. This is in
agreement with previous reports [50,101]. Hence, for further
calculations, the SOC effect is ignored.
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TABLE III. Calculated electronic band gap E, of the CAIC and CCIC double perovskites using different exchange-correlation functionals
(with or without the inclusion of SOC) compared with other experimental and theoretical results.

This work
Material PBE PBE+SOC PBEO PBE0O+SOC Previous work Expt.
E, (V) CAIC (x =0) 1.00 1.01 3.27 3.29 2.9-3.3[50], 3.33 [51] 3.3[50],3.23 [51]
8 CCIC(x=1) —0.03 2.39 1.05% to 1.73% [100]

#Heyd-Scuseria-Ernzerhof (HSE06) + SOC.
"PBEO + SOC.

The nature of the band gap, as well as the positions of
the valence band minimum (VBM) and the conduction band
maximum (CBM), can be revealed via the electronic band
structure. Figure 3(a) shows the electronic band structure of
CAIC (host perovskite) along some selected high-symmetry
points, which reflect that CAIC is a direct band gap DP with

(a) %
—

E - Er (eV)
w

._.
AW

F— | ;
-5
K X r L
High Symmetry Kpoints DOS
(b) Total Cl-3p
Ag/Xx/Cu-4d —— In-5s
. x=1.0 (CCIC
el ' A
0 r n . Y. L
. x=0.8
15 | . E

x=0.6

x=0.4

DOS/PDOS (states/eV)

x=0 (CAIC

5 25 0 25 5 7.5 10
E-Ef (eV)

FIG. 3. (a) Calculated PBEO electronic band structure and total
and partial densities of states of the host perovskite, Cs, AgInClg.
(b) Total and partial DOSs for CAIC:Cu solid solutions.

both CBM and VBM located at the I' point in the Brillouin
zone. To ascertain the atomic orbital contributions towards the
electronic states at the CBM and VBM, the total and partial
DOSs are calculated. Figure 3(a) shows the PBEO total and
partial densities of states for CAIC where VBM is set at zero.
From Fig. 3(a), the Ag 4d and Cl 3p states dominate the
valence bands, while the In 5s states exclusively dominate the
conduction bands.

Given the above, it is worth noting that the hybrid PBEO
functional can give the most reliable band gap value for dou-
ble perovskites (see Table III). With this assertion, the hybrid
PBEO functional is then used to calculate the electronic band
structure of CAIC:Cu solid solutions. Figure 4 shows the vari-
ation tendency in the band gap as the Cu content x increases.
By interpolating the band gaps to a polynomial function,
the band gaps are observed to decrease quadratically with
a function of E (x) = 3.3277 — 0.8757x — 0.2868x2, with in-
creasing Cu content x. Based on Vegard’s law, this function
can be reduced to

Eo(x) = Ey(0) 4 [Eo(1) — E,(0) — blx + bx?, (11)

where E¢(0) and Eg(1) denote the band gap of CAIC (x = 0)
and CCIC (x = 1), respectively, while b represents the band
gap bowing parameter. From our results, E,(0) = 3.3277 eV,
E,(1) =2.1652 eV, and b= —0.2868 eV. The band gap

3'4 ] v ] v ] v ] v 1 L 1
. ~ ® - Calc.
32} @ - Expt. H
| Quadratic fit |}
3.0F e

Band gap (eV)
N N N
FS o o
) v ) ) v

N
[\
—

N

)
—
1

0.0 0.2 0.4 0.6 0.8 1.0

Cu content (x)

FIG. 4. Electronic band gaps of CAIC:Cu solid solutions as a
quadratic function of Cu content x. The experimental band gap value
of CAIC is presented.
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bowing parameter b indicates the nonlinearity of the band gap
to the composition, as well as the degree of fluctuation in the
crystal field.

These results suggest enhancement of the light-absorbing
capability of the materials owing to the reduction in the band
gap with increasing Cu content. The band gap decrement
can be attributed to the average energy of the Cu d states,
as illustrated in Fig. 3(b). Comparing the band gap of the
50:50 supercell and the VCA value (see Table II) suggests an
appreciable level of miscibility between CAIC and CCIC and
small compositional disorder.

Meng and coworkers, in a recent DFT study, attributed
the wide optical band gap of Cs, AgInClg to parity-forbidden
transitions, which can be traced to the DP centrosymmetry and
the unoccupied In 5s orbitals in the lowest conduction band
[55]. With the analysis of the band symmetry and parity, the
addition of Cu does not change the number of parity-forbidden
transitions and the band gap nature of Cu-doped CAIC, an
indication that Cu dopant does not influence the symmetry of
the band edges of Cu-doped CAIC.

E. Optical properties

In this section, the optical properties of the materials are
calculated using the ONCV pseudopotentials [86] and the
complex frequency-dependent dielectric functions &(w) as
given in Eq. (1). At the single-particle level, the complex
frequency-dependent dielectric functions are computed within
the random phase approximation using the GGA-PBE approx-
imation. The exciton binding energy is small in silicon, and
excitonic effects may be negligible in that case and not for this
perovskite host. Excitonic effects may be required to correctly
compute matrix elements and capture prominent features in
the linear absorption spectrum. It is quite difficult to obtain
excitons with time-independent DFT as most standard XC
functionals lack the long-range property [102]. In a more elab-
orate consideration of such effects one may use YAMBO codes
[103], which are now available, and experimental approaches
based on excited-state spectroscopies such as ultrafast spec-
troscopy and two-step excitation techniques, among others.
However, phonon-based transitions and excitonic effects are
not the focus of this study. To quantify the effects of Cu doping
on the optical properties, the photoabsorption coefficients,
optical conductivity, and other optical properties of interest
are calculated and presented.

These quantities can be understood, in general, in a vein
similar to statistical physics principles of response functions.
There a specific response of a system measured as a change
in some characteristic quantity of the system (a so-called gen-
eralized force) relative to some known stimulus (generalized
displacement) is used to determine the nature and suitability
of the system in relation to desired applications.

One of the key parameters that determine the power con-
version efficiency of PSCs and other related optoelectronic
devices is the photoabsorption coefficient [Fig. 5(a)]. The
photoabsorption coefficient gives one good insight into the
light-harvesting capability of a material. It can be estimated
using Eq. (2) with the real and imaginary parts of the com-
plex frequency-dependent dielectric functions. Note that the
material’s optical band gaps are underestimated at the PBE

(a)

14 X=0.0 ——
x=0.1 ——
1.2 | x=0.2
x=0.3 ——

| 4 [x=0.4
1 x=0.5 ——
x=0.6
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x=0.8 ——
x=0.9

Photo-Absorption Coefficient, a(w) (um™1)

x=0.0 ——
x=0.1 ——
x=0.2
x=0.3 ——
x=0.4
x=0.5 ——
x=0.6
x=0.7 ——
x=0.8 —
x=0.9

Optical Conductivity, o(w)
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FIG. 5. (a) Calculated photoabsorption coefficients and (b) opti-
cal conductivity for Cu-doped CAIC double perovskites at the PBE
level.

level. Figure 5(a) shows the variation of the photoabsorption
coefficients for CAIC and CAIC:Cu solid solutions as a func-
tion of photon energy. The absorption onset for Cs; AgInClg
quite agrees with the fundamental band gap extracted from
the PBE band structure. Within the visible range (1.5-3.1 eV),
the photoabsorption coefficients steadily increase with energy.
In comparison with CAIC, increased photoabsorption coef-
ficients are notably observed across the whole visible range
with increasing Cu content x. However, the results for CCIC
are not plotted because PBE predicts this material is metallic.

0.14 T T T T
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x=0.1 —
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2
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Photon Energy, E (eV)

FIG. 6. Calculated energy-loss function L(w) for CAIC:Cu solid
solutions.
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FIG. 7. Variation in the calculated (a) extinction coefficient k(w)
and (b) refractive index n(w) as a function of energy for CAIC:Cu
solid solutions.

Furthermore, the optical conductivity [Fig. 5(b)], a mea-
sure of susceptibility to light, of the material is also examined.
The variation tendency of the calculated optical conductivity
of the materials is presented in Fig. 5(b). A trend similar to the
variation of absorption coefficients is observed. Another im-
portant optical parameter is the energy-loss function (Fig. 6),
which is used to describe the energy loss due to fast-moving
electrons in the material. From the calculated spectra in Fig. 6,
the electron energy-loss increases with the Cu content, and
characteristic peaks are observed between 2.8 and 3.4 eV for
the materials.

Also, the extinction coefficient [Fig. 7(a)] and refrac-
tive index [Fig. 7(b)] are important optical parameters used
to predict materials’ suitability for device applications be-
yond photovoltaic. The former determines the amount of
absorption loss, while the latter describes the phase velocity
when electromagnetic waves propagate through the materials.
Figures 7(a) and 7(b) show the variation of the calculated

extinction coefficient and refractive index as a function of
energy. Within the visible range, the calculated extinction co-
efficients increase with increasing concentration of Cu content
in CAIC. In comparison, CAIC:Cu at x = 0.9 shows a peak
value of ~0.5 between 1.3 and 1.6 eV. Similarly, the static
refractive index of the materials increases with the Cu content,
while CAIC:Cu at x = 0.9 displays a peak value of ~2.32
between 0.8 and 1.0 eV. The findings of this study have shown
Cu, a transition metal, to be an efficient dopant in treating a
double perovskite, as it enhances the material optoelectronic
properties.

It is hoped that the present work will invite experimental
synthesis and study and that such study would be promising
enough to motivate more accurate calculations that would
include excitonic effects and use the elaborate methodology
for handling them.

IV. CONCLUSION

In this work, the effect of Cu doping on the structural
and optoelectronic properties of CAIC was studied using
first-principles DFT calculations and the VCA approach.
The ab initio VCA method was used to model the solid
solutions. The PBEO functional was used for the band struc-
ture calculations after assessing the exchange-correlation
functional of GGA-PBE. With increasing Cu content, the
crystal lattice shrinks following a linear function, a(x) =
10.6297 — 0.1659x; the bulk modulus increases with the
quartic polynomial function By(x) = 29.7007 + 1.0272x —
0.5070x% 4 1.8260x° — 1.7483x*, while the band gap de-
creases quadratically with a function of E(x) = 3.3277 —
0.8757x — 0.2868x%. The photoabsorption coefficient, optical
conductivity, and other optical parameters of interest were
calculated using the DFPT method. The spectra obtained show
enhancement in the optical properties of the materials with
higher Cu contents. The variation tendencies, as a result of
Cu doping, in the structural and optoelectronic properties
of the materials under study have shown Cu is an efficient
dopant in treating double perovskites. This work presents
CsyAg(1—xCu,nCls (CAIC:Cu) solid solutions as potential
candidates for photovoltaics and optoelectronics.
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