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Lead-free halide double perovskites with the formula of quaternary A4 B*B/HXG_ have recently
attracted intense interest as alternatives to lead-halide-perovskite-based optoelectronic materials for their
nontoxicity and enhanced chemical and thermodynamic stability. However, the understanding of intrinsic
defect properties and their effects on carrier transport and Fermi level tuning is still limited. In this paper,
we show that, by exploring the phase diagram of a halide double perovskite, one can control the effects
of intrinsic defects on carrier trapping and Fermi-level pinning. We reveal the ideal growth conditions to
grow p type Cs,AgInClg and Cs, AgBiClg as well as semi-insulating Cs, AgBiBrg with low trap density
for targeted photovoltaic or visible light/radiation detection application.
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Lead (Pb) halide perovskites have been extensively
investigated for diverse applications, including photo-
voltaics [1-10], light-emitting diodes [11-13], lasers
[14-16], and radiation detection [17—20], owing to their
unique electronic and optical properties. However, the
toxicity of Pb and the intrinsic material instability have
hindered their development. Recently, inorganic Pb-free
halide double perovskites (HDPs), which are a large
class of quaternary compounds with a general formula

of A5 B+B’3+X6_ have attracted great attention as alter-
natives to Pb halide perovskites [21-31]. In particular,
CspAgInClg and Cs;AgBiXg (X = Cl, Br), which have
been successfully synthesized in experiment and have
band gap values of 2.0-3.0 eV and good material stabil-
ity, have shown great potential as useful optoelectronic
materials such as photovoltaic (PV) absorbers [32-35] as
well as photon and ionizing radiation detectors [36,37].
Csp AgInClg exhibits a direct band gap (2.0 eV according
to the photoluminescence measure) as well as an ultra-long
carrier lifetime (6 us) [21,38—40], which are suitable for
PV applications. However, Meng et al. reported that the
optical absorption at the visible range in Cs;AgInCls may
be significantly reduced due to the parity-forbidden transi-
tion at band edges [41]. Nevertheless, the low trap density
(toward 10® cm™3) in single-crystal Cs,AgInCls makes it
a promising UV detector material [37], which may find
applications in fire and missile flame detection as well as
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optical communications. Cs, AgInBrg, with a theoretically
predicted direct band gap of approximately 1.50 eV [21],
is expected to be a good PV absorber or visible-light detec-
tor, although its synthesis is still a challenge. In contrast to
the direct band gaps found in Csy AgInXe, Cs, AgBiClg and
Cs; AgBiBrg have indirect band gaps of 2.77 and 2.19 eV,
respectively [25,29,42]. Despite their relatively large band
gaps for PV applications, it has been reported that solar
cells based on Cs; AgBiBrg films show power conversion
efficiencies up to 2.5% without device optimization [35].
The efficiency might be further improved by narrowing
the band gap of Cs,AgBiBrg via trivalent metal doping
or alloying [31,43]. Moreover, the indirect band gap is
desirable for a semiconductor radiation detection mate-
rial because a direct band gap would increase the rate of
radiative recombination of the radiation-generated elec-
trons and holes, which should be collected by electrodes.
The heavy constituent atoms and the sufficiently large band
gap renders Cs;AgBiBrg a potential x-ray and gamma-
ray detector material. Indeed, a recent experimental work
demonstrated promising figure of merits of Cs, AgBiBrg
for x-ray detection [36].

To advance the development of Pb-free HDPs as PV
or radiation detection materials, comprehensive under-
standing of intrinsic defect properties is of vital impor-
tance because defects strongly affect carrier density and
transport. Efficient carrier transport is critically important
in both PV and photon/radiation detection applications.
High resistivity is required for semiconductor radiation
detection materials whereas good n- or p-type conduc-
tivity is usually needed in PV materials. Therefore, the

© 2018 American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.10.041001&domain=pdf&date_stamp=2018-10-11
http://dx.doi.org/10.1103/PhysRevApplied.10.041001

TIANSHU Ll et al.

PHYS. REV. APPLIED 10, 041001 (2018)

understanding of carrier trapping at defects and carrier
compensation is important for the development of HDPs
for these optoelectronic applications. In this work, using
advanced first-principle calculations, we identify deep
defect levels that are detrimental to carrier transport in
Csy AgInClg, Cs, AgBiClg, and Cs; AgBiBrg and show that
the chemical potentials of the constituent elements (which
are associated with experimental growth conditions) can
be modified to suppress unwanted deep level defects and
to tune the Fermi level for PV or radiation detection
applications.

We perform first-principles calculations based on
density-functional theory, as implemented in the Vienna
ab initio simulation package codes [44]. The electron-core
interaction is described using the frozen-core projected
augmented wave pseudopotentials [44,45]. The kinetic
energy cutoff of 400 eV is used in all calculations. The lat-
tice parameters and atomic positions are optimized using
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional [46]. The band gaps and the defect forma-
tion energies are further calculated using the screened
Heyd-Scuseria-Ernzerh (HSE) hybrid density functional
[47,48] with the spin-orbital coupling (SOC) based on the
PBE-optimized structures without further relaxation. The
primitive cell and a 4 x 4 x 4 k point mesh are used for
obtaining the lattice parameters and band gaps while an 80-
atom supercell is used for defect calculations. A 2 x 2 x 2
and a I'-point-only k-point mesh are used for the PBE
and HSE supercell calculations, respectively. The mix-
ing parameters of 25%, 28%, and 30% for CsyAgInClg,
Cs,AgBiClg, and Cs;AgBiBrg are used in HSE calcula-
tions for more accurate descriptions of electronic struc-
tures. The calculated lattice parameters and band gaps
of Cs, AgInClg, Cs;AgBiClg, and Cs; AgBiBrg agree well
with the experimental results (see Supplemental Table 1
[49—54]). The calculations of defect formation energies
and transition levels are performed with the standard super-
cell approach, as described in detail in the Supplemental
Material [49-54].

The crystal structure of a HDP is shown in Fig. 1(a).
The BXs and B’ Xg octahedra alternate along the three crys-
tallographic axes such that the B and B’ ions form a rock-
salt-type ordering. The band structures and the density of
states of CsyAgInClg, CsyAgBiClg, and Cs;AgBiBrg are
shown in Figs. 1(b), 1(c), and 5(a). CsyAgInClg exhibits
a direct band gap at the I" point; the conduction band is
derived from the In-5s states while the valence band states
are mainly made up of Ag-4d and the Cl-3p states. In
contrast, Cs;AgBiClg, and Cs; AgBiBrg have indirect band
gaps; the conduction band minimum (CBM) is located
at the I' point while the valance band maximum (VBM)
is at the X point. The Bi-6p states dominate the con-
duction band. For the valence band, in addition to the
contribution from the Ag-4d and the halogen p states,
the fully-occupied Bi6s states also hybridize with the
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FIG. 1. (a) Double perovskite crystal structure. Electronic

band structure and orbital-projected density of states for (b)
CsyAgInClg and (c¢) Csp AgBiClg.

valence band states. The coupling between the Bi-6s states
and the directional Ag-4d states along the (100) direc-
tion moves the VBM from the I point to the X point
[22]. Note that the SOC strongly modifies the electronic
structure of the Bi compounds [Figs. 1(c) and 5(a)],
but has negligible effect on that of the In compound
[Fig. 1(b)].

As quaternary compounds, Cs;AgInClg, Cs;AgBiClg,
and Cs;AgBiBrg have many competing binary and ternary
phases. We perform thorough evaluation of the thermody-
namic stability via the phase stability diagram analysis.
A quaternary compound has three independent elemen-
tal chemical potentials; thus, the stable region for the
single-phase quaternary compound is a polyhedron in
a three-dimensional chemical potential space. Several
cross-sections of the polyhedron corresponding to dif-
ferent values of the Ag chemical potential are shown
for Cs,AgInClg, Cs;AgBiClg, and Cs,AgBiBrg [Figs. 2
and 5(b)]. Our results indicate that all three compounds
can be grown in single phases. The defect formation ener-
gies for the three HDPs are calculated using the elemental
chemical potentials corresponding to the selected points in
the phase diagram to evaluate the tunability of the defect
concentrations and the Fermi level.

There are a large number of intrinsic point defects in
quaternary HDPs. Vacancies are generally important in
halides due to their low formation energies. On the other
hand, the close-packed perovskite crystal structure usu-
ally causes high formation energies for metal interstitials
unless the metal ion has a low charge state of +1 [55].
Antisite defects in a multinary compound could be impor-
tant except for those due to substitution by an isovalent
ion (i.e., AT on B* or B™ on A"), which leads to an
electrically inactive neutral defect, or by an ion with a
drastically different oxidation state (i.e., B>* on X~ and
X~ on B3*), which usually incurs a high energy cost. For
double perovskite halides, the antisite defects due to the
disorder on B and B’ sites are likely abundant because of
the same octahedral environment for both sites. The above
considerations lead us to investigate 12 intrinsic defects
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in each of CsyAgInClg, Cs;AgBiClg, and CsyAgBiCls,
including four vacancies (Vcs, Vag, Vin/Vai and Vei/Va:),
six antisite substitutions (Cscj/Csg;, Clcs/Bres, Csp/Csgi,
Incs/Bics, Agy,/Agg;, and Inag/Biag) and two interstitials
(Cs; and Ag)).

Since the formation energy of a point defect depends
on the chemical potentials of the constituent elements,
we evaluate defect formation energies using the chemi-
cal potentials corresponding to a large number of points
that sample the phase diagram. Representative points in
the phase diagram [Figs. 2 and 5(b)] are chosen to demon-
strate the tunability of the defect concentration and the
Fermi level (Figs. 3—5). Our calculations show that Vs,
is the most important acceptor defect while the halogen
vacancies V¢ and Vg,, the antisite defects Inag and Bigg,
and Ag; are important donor defects. The relative stability
of the above three donor defects differ in the three com-
pounds (Cs, AgInClg, Cs; AgBiClg, and Cs; AgBiBrg). On
the other hand, Vs, is the most stable acceptor defect in all
three compounds even under the Ag-rich conditions [e.g.,
Apag = 0.0€eV in Fig. 3(a)].

The results in Fig. 4 and Supplemental Fig. 5 show
that Vg is a shallow acceptor and Ag; is a shallow
donor in Csp;AgInClg, Csp;AgBiClg, and Cs;AgBiBrg.
The antisite defects Iny, (in Cs;AgInClg) and Biag (in
Cs;AgBiXg) insert relatively deep (+2/+) and the (4/0)
levels inside the band gap. The halogen vacancy is shal-
low in CsyAgInClg [Fig. 4(a)], but deep in CsyAgBiClg

[Fig. 4(b)] and Cs;AgBiBrgs (Supplemental Fig. 5). The
calculated (+4/0) transition levels of the halogen vacancies
in Cs;AgInClg, Cs;AgBiClg, and Cs,;AgBiBrg are 0.04,
0.92, and 0.35 eV below their respective CBM. The deeper
(+/0) level of V¢ in Cs, AgBiClg than in CspAgInClg may
be understood by considering that Cs; AgBiClg has a larger
band gap than Cs, AgInClg; in addition, Bi** is a larger ion
than In** and the Bi dangling bond is a Bi-6p orbital point-
ing directly toward V¢, leading to strong hybridization
between the Bi-6p and the Ag-5s orbitals at V¢ and conse-
quently deeper electron trapping. Going from Cs, AgBiClg
to Csp AgBiBrg, the halogen vacancy size increases and
consequently the Bi-Ag hybridization is weakened at the
vacancy; therefore, the (+/0) level of Vg, in Cs, AgBiBrg
(Supplemental Fig. 5) is shallower than that in Cs, AgBiClg
[Fig. 4(b)].

The electron trapping at halogen vacancies in the above
three HDPs causes strong structural relaxation, which
leads to the negative U behavior in the case of Vp; in
CsyAgBiBrg with the (4/0) level above the (0/—) level.
The Ag"™ and the Bi*" ions adjacent to the positively
charged VE . repel each other. With successive addition

of electrons to V3, , the Ag-Bi distance is shortened to
increase the hybridization and create a gap level that traps
the electrons [56]. The calculated Ag-Bi distance at Vg, in
Cs; AgBiBrg decreases from 5.90, 3.03, to 2.81 A when the
charge state of Vg, is changed from +1, 0, to —1 (see Sup-
plemental Fig. 2). The Ag-Bi and Ag-In distances at V¢
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in Cs;AgBiClg and Cs;AgInClg also show the same trend
(Supplemental Table 2).

Among the low-energy defects in Cs;AgInClg, only
the antisite defect Ina, is a relatively deep donor defect
[Fig. 3(a)]. This defect property is similar to that in
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FIG. 4. The calculated transition energy levels for intrin-
sic donor (blue lines) and acceptor (red lines) defects in (a)
CsyAgInClg and (b) CsyAgBiClg, which are referenced to the
host VBM (bottom dash lines).
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Cs,AgInBrg found in a previous DFT study [57]. In the
two Bi HDPs, in addition to the antisite defect Biag, the
halogen vacancy is also a deep donor [Figs. 3(b) and 5(c)].
Compared to halide single perovskites, the halide double
perovskites introduce additional antisite defects, which can
induce deep gap states as shown above. The deep donor
defects (Inpg in Csp AgInClg, Bisg and Ve in Cs; AgBiClg,
and Biag and Vg, in Cs;AgBiBrg) are effective electron
traps; thus, their concentrations need to be controlled. By
sampling the chemical potentials in the phase diagram,
we find that combining the In/Bi-poor and the halogen-
rich conditions suppresses the concentrations of the above
deep electron trapping defects [see, for example, point C
in Fig. 2(a) for Cs, AgInClg, point C in Supplemental Fig.
3 for Cs;AgBiClg, and point A4 in Supplemental Fig. 4
for Cs, AgBiBrg]. Due to the low growth temperatures of
HDPs (below 210 °C for Csy AgBiXg) [25], the formation
energies of near 0.8 eV or higher [at the pinned Fermi
level in Fig. 3(c) (point C), Supplemental Fig. 3 (point
(), Supplemental Fig. 4(b) (point 4)] should lead to low
concentrations of the above deep donors according to Sup-
plemental Eq. 1. Thus, the In/Bi-poor and the halogen-rich
growth conditions may lead to improved electron transport
efficiency in Csy AgInClg and Cs; AgBiXs.

The location of the Fermi level in a semiconductor
is important for PV and radiation detection applications.
Without external doping, the Fermi level can be pinned
by the lowest-energy donor and acceptor defects. Our
calculations show that the Fermi levels in the three HDPs
can vary in a wide range within the band gap depending
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on the chemical potentials of the constituent elements [see
Figs. 3(a)-3(c) and Supplemental Fig. 1 for Cs;AgInCls,
Figs. 3(d)-3(f) and Supplemental Fig. 3 for Cs; AgBiCls,
and Fig. 5 and Supplemental Fig. 4 for Cs;AgBiBrg]. In
Csp AgInClg, the Cl chemical potential is most effective in
tuning the Fermi level. Cs, AgInCl, is n type under Cl-poor
conditions [Figs. 3(a) and 3(b)] and p type under Cl-rich
conditions [Fig. 3(c)]. Although the Fermi level is too deep
in n-type Cs, AgInClg, the Cl-rich conditions can move the
Fermi level reasonably close to the VBM [about 0.3 eV
above the VBM as shown in Fig. 1(c) and Supplemental
Fig. 1]. Thus, p-type Cs, AgInClg with low hole density
may be attainable under the Cl-rich condition. Under this
condition, the deep donor Inyg has relatively high forma-
tion energy as shown in Fig. 3(c). The other low-energy
donor defect V¢, is shallow and thus is not an effective
electron trap. Hence, Cs; AgInClg is potentially useful as
a p-type solar absorber material with long minority carrier
lifetime. Semi-insulating Cs, AgInClg may also be used as
a radiation detector material.

The Fermi level of Cs; AgBiClg is confined within the p-
type region based on our calculations [Figs. 3(d)}-3(f) and
Supplemental Fig. 3]. The Cl-rich and the Bi-poor condi-
tions (point C in Supplemental Fig. 3) can pin the Fermi
level close to the VBM (0.18 eV above the VBM), lead-
ing to good p-type conductivity with high hole density.
Under these conditions, the concentrations of the deep
donors Biag and V¢ are suppressed as discussed above.
Therefore, similar to Cs, AgInClg, Cs; AgBiClg may also
be a potential p-type solar absorber material with a long
minority-carrier lifetime. In contrast to Cs,AgInClg and
Cs,;AgBiClg, the Fermi level of Cs;AgBiBrg is more

FIG. 5. (a) Electronic band struc-

ture and orbital-projected density of
states of CsyAgBiBrg. (b) Calculated
phase diagram at Apuag =0eV and
Apag = —0.5eV. The green regions
indicate the stable region for single-
> phase Cs; AgBiBrg. (¢) The calculated
Biag formation energies of intrinsic defects
in Cs,AgBiBrg, as a function of Er, at
Point A (I) and Point B (II) in the phase

r

diagram (b). The slopes of the line seg-
ments indicate the defect charge states
and the kinks denote the transition

energy levels. The Fermi levels are ref-
erenced to the VBM of Cs, AgBiBrg.

05 1 15 2
Fermi level (eV)

distanced away from both the CBM and the VBM (Sup-
plemental Fig. 4). This is consistent with the observed
high resistivity in Cs;AgBiBrg [36], which is required for
a semiconductor radiation detection material. Since good
carrier mobility and lifetime are also required for radiation
detection, the combination of the Bi-poor and the Br-rich
conditions (point 4 in Supplemental Fig. 4), which sup-
press the formation of the deep electron traps Vg, and Bigg,
are desirable for Cs;AgBiBrg detectors.

Using first-principles calculations including spin-orbital
coupling, we systematically investigate the physical prop-
erties of defects in three representative HDPs, Cs, AgInCly,
Cs, AgBiClg, and Cs; AgBiBrg as promising optoelectronic
materials. Detailed calculations of the formation ener-
gies and transition levels of intrinsic defects lead to the
following important findings: (i) Biag and halogen vacan-
cies in CspAgBiCls and Cs;AgBiBrs as well as Iny, in
CsyAgInClg are identified as deep electron traps with low
formation energies and require Bi/In-poor and halogen-
rich conditions to suppress; (ii) The Fermi level in three
HDPs can be tuned by modifying the chemical potentials
of their constituent elements (or equivalently the growth
conditions). Cs, AgInClg and Cs;AgBiClg can both be p
type with the latter having higher attainable hole density
while Cs;AgBiBrg is usually semi-insulating with high
resistivity; (iii) Based on the above results, Cs; AgInClg
and Cs;AgBiClg may be potentially useful as p-type solar
absorbers with good minority-carrier lifetimes or as photon
detectors while Cs; AgBiBrg is a promising semiconductor
radiation detection material. Our work provides valuable
guidelines for further exploration of Pb-free perovskites
for diverse applications.

041001-5



TIANSHU Ll et al.

PHYS. REV. APPLIED 10, 041001 (2018)

ACKNOWLEDGMENTS

The authors acknowledge funding support from National
Natural Science Foundation of China under Grants No.
61722403 and No. 11674121, the Recruitment Program
of Global Youth Experts in China, and Program for JLU
Science and Technology Innovative Research Team. Mao-
Hua Du was supported by the U.S. Department of Energy,
Office of Science, Basic Energy Sciences, Materials Sci-
ences and Engineering Division. Calculations were per-
formed in part at the high performance computing center
of Jilin University.

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

M. J. Carnie, C. Charbonneau, M. L. Davies, J. Troughton,
T. M. Watson, K. Wojciechowski, H. Snaith, and D. A.
Worsley, A one-step low temperature processing route for
organolead halide perovskite solar cells, Chem. Commun.
49, 7893 (2013).

M. M. Lee, J. Teuscher, T. Miyasaka, T. N. Murakami, and
H. J. Snaith, Efficient hybrid solar cells based on meso-
superstructured organometal halide perovskites, Science
338, 643 (2012).

P. Docampo, J. M. Ball, M. Darwich, G. E. Eperon, and H.
J. Snaith, Efficient organometal trihalide perovskite planar-
heterojunction solar cells on flexible polymer substrates,
Nat. Commun. 4, 2761 (2013).

H.-S. Kim, C.-R. Lee, J.-H. Im, K.-B. Lee, T. Moehl, A.
Marchioro, S.-J. Moon, R. Humphry-Baker, J.-H. Yum, J.
E. Moser, M. Gritzel, and N.-G. Park, Lead iodide per-
ovskite sensitized all-solid-state submicron thin film meso-
scopic solar cell with efficiency exceeding 9%, Sci. Rep. 2,
591 (2012).

J. M. Ball, M. M. Lee, A. Hey, and H. J. Snaith,
Low-temperature processed meso-superstructured to thin-
film perovskite solar cells, Energy Environ. Sci. 6, 1739
(2013).

A. Kojima, K. Teshima, Y. Shirai, and T. Miyasaka,
Organometal halide perovskites as visible-light sensitizers
for photovoltaic cells, J. Am. Chem. Soc. 131, 6050 (2009).
L. Etgar, P. Gao, Z. Xue, Q. Peng, A. K. Chandiran,
B. Liu, M. K. Nazeeruddin, and M. Gritzel, Meso-
scopic CH3NH;3PblI3/TiO, heterojunction solar cells, J. Am.
Chem. Soc. 134, 17396 (2012).

A. E. Williams, P. J. Holliman, M. J. Carnie, M. L. Davies,
D. A. Worsley, and T. M. Watson, Perovskite processing
for photovoltaics: A spectro-thermal evaluation, J. Mater.
Chem. A 2, 19338 (2014).

L. Fan, F. Wang, J. Liang, X. Yao, J. Fang, D. Zhang,
C. Wei, Y. Zhao, and X. Zhang, Perovskite/silicon-based
heterojunction tandem solar cells with 14.8% conversion
efficiency via adopting ultrathin Au contact, J. Semicond.
38, 014003 (2017).

J. Burschka, N. Pellet, S.-J. Moon, R. Humphry-Baker, P.
Gao, M. K. Nazeeruddin, and M. Gritzel, Sequential depo-
sition as a route to high-performance perovskite-sensitized
solar cells, Nature 499, 316 (2013).

A. B. Wong, M. Lai, S. W. Eaton, Y. Yu, E. Lin, L. Dou, A.
Fu, and P. Yang, Growth and anion exchange conversion

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

041001-6

of CH3NH;PbX3 nanorod arrays for light-emitting diodes,
Nano Lett. 15, 5519 (2015).

J. Xing, F. Yan, Y. Zhao, S. Chen, H. Yu, Q. Zhang,
R. Zeng, H. V. Demir, X. Sun, A. Huan, and Q. Xiong,
High-efficiency light-emitting diodes of organometal halide
perovskite amorphous nanoparticles, ACS Nano 10, 6623
(2016).

H. J. Snaith and S. D. Stranks, Metal-halide perovskites for
photovoltaic and light-emitting devices, Nat. Nanotechnol.
10, 391 (2015).

Y. Fu, H. Zhu, A. W. Schrader, D. Liang, Q. Ding, P.
Joshi, L. Hwang, X.-Y. Zhu, and S. Jin, Nanowire lasers
of formamidinium lead halide perovskites and their stabi-
lized alloys with improved stability, Nano Lett. 16, 1000
(2016).

F. Meng, H. Zhu, M. T. Trinh, M. V. Gustafsson, Q. Ding,
S. Jin, X.-Y. Zhu, X. Wu, Y. Fu, and Z. Gong, Lead halide
perovskite nanowire lasers with low lasing thresholds and
high quality factors, Nat. Mater. 14, 636 (2015).

S. W. Eaton, M. Lai, N. A. Gibson, A. B. Wong, L. Dou, J.
Ma, L.-W. Wang, S. R. Leone, and P. Yang, Lasing in robust
cesium lead halide perovskite nanowires, Proc. Natl. Acad.
Sci. U.S.A. 113, 1993 (2016).

R. Dong, Y. Fang, J. Chae, J. Dai, Z. Xiao, Q. Dong,
Y. Yuan, A. Centrone, X. C. Zeng, and J. Huang, High-
gain and low-driving-voltage photodetectors based on
organolead triiodide perovskites, Adv. Mater. 27, 1912
(2015).

X. Hu, X. Zhang, L. Liang, J. Bao, S. Li, W. Yang, and Y.
Xie, High-performance flexible broadband photodetector
based on organolead halide perovskite, Adv. Funct. Mater.
24,7373 (2014).

E. Zheng, B. Yuh, G. A. Tosado, and Q. Yu, Solution-
processed visible-blind UV-A photodetectors based on
CH3;NH3PbCl; perovskite thin films, J. Mater. Chem. C 5,
3796 (2017).

Z. Lian, Q. Yan, Q. Lv, Y. Wang, L. Liu, L. Zhang, S. Pan,
Q. Li, L. Wang, and J.-L. Sun, High-performance planar-
type photodetector on (100) facet of MAPbI; single crystal,
Sci. Rep. 5, 16563 (2015).

X.-G. Zhao, D. Yang, Y. Sun, T. Li, L. Zhang, L. Yu, and
A. Zunger, Cu—In halide perovskite solar absorbers, J. Am.
Chem. Soc. 139, 6718 (2017).

X.-G. Zhao, J.-H. Yang, Y. Fu, D. Yang, Q. Xu, L. Yu, S.-
H. Wei, and L. Zhang, Design of lead-free inorganic halide
perovskites for solar cells via cation-transmutation, J. Am.
Chem. Soc. 139, 2630 (2017).

Z. Xiao, K.-Z. Du, W. Meng, J. Wang, D. B. Mitzi, and
Y. Yan, Intrinsic instability of Cs,In(I))MII[)Xs (M = Bi,
Sb; X = Halogen) double perovskites: A combined density
functional theory and experimental study, J. Am. Chem.
Soc. 139, 6054 (2017).

Z. Xiao, W. Meng, J. Wang, and Y. Yan, Thermodynamic
stability and defect chemistry of bismuth-based lead-free
double perovskites, ChemSusChem 9, 2628 (2016).

E. T. McClure, M. R. Ball, W. Windl, and P. M. Woodward,
CspAgBiXg (X = Br, Cl): New visible light absorbing,
lead-free halide perovskite semiconductors, Chem. Mater.
28, 1348 (2016).

M. R. Filip, S. Hillman, A. A. Haghighirad, H. J. Snaith,
and F. Giustino, Band gaps of the lead-free halide double


https://doi.org/10.1039/c3cc44177f
https://doi.org/10.1126/science.1228604
https://doi.org/10.1038/ncomms3761
https://doi.org/10.1038/srep00591
https://doi.org/10.1039/c3ee40810h
https://doi.org/10.1021/ja809598r
https://doi.org/10.1021/ja307789s
https://doi.org/10.1039/C4TA04725G
https://doi.org/10.1088/1674-4926/38/1/014003
https://doi.org/10.1038/nature12340
https://doi.org/10.1021/acs.nanolett.5b02082
https://doi.org/10.1021/acsnano.6b01540
https://doi.org/10.1038/nnano.2015.90
https://doi.org/10.1021/acs.nanolett.5b04053
https://doi.org/10.1038/nmat4271
https://doi.org/10.1073/pnas.1600789113
https://doi.org/10.1002/adma.201405116
https://doi.org/10.1002/adfm.201402020
https://doi.org/10.1039/C7TC00639J
https://doi.org/10.1038/srep16563
https://doi.org/10.1021/jacs.7b02120
https://doi.org/10.1021/jacs.6b09645
https://doi.org/10.1021/jacs.7b02227
https://doi.org/10.1002/cssc.201600771
https://doi.org/10.1021/acs.chemmater.5b04231

INTRINSIC DEFECT PROPERTIES ...

PHYS. REV. APPLIED 10, 041001 (2018)

perovskites Cs; BiAgClg and Cs;BiAgBrg from theory and
experiment, J. Phys. Chem. Lett. 7, 2579 (2016).

[27] Q. Xu, D. Yang, J. Lv, Y.-Y. Sun, and L. Zhang, Perovskite
solar absorbers: Materials by design, Small Methods 2,
1700316 (2018).

[28] X.-G. Zhao, D. Yang, J.-C. Ren, Y. Sun, Z. Xiao, and L.
Zhang, Rational design of halide double perovskites for
optoelectronic applications, Joule 2, 1662 (2018).

[29] A. H. Slavney, T. Hu, A. M. Lindenberg, and H. I.
Karunadasa, A bismuth-halide double perovskite with long
carrier recombination lifetime for photovoltaic applica-
tions, J. Am. Chem. Soc. 138, 2138 (2016).

[30] C. N. Savory, A. Walsh, and D. O. Scanlon, Can Pb-
free halide double perovskites support high-efficiency solar
cells?, ACS Energy Lett. 1, 949 (2016).

[31] A. H. Slavney, L. Leppert, D. Bartesaghi, A. Gold-Parker,
M. F. Toney, T. J. Savenije, J. B. Neaton, and H. L.
Karunadasa, Defect-induced band-edge reconstruction of a
bismuth-halide double perovskite for visible-light absorp-
tion, J. Am. Chem. Soc. 139, 5015 (2017).

[32] C. Wu, Q. Zhang, Y. Liu, W. Luo, X. Guo, Z. Huang, H.
Ting, W. Sun, X. Zhong, S. Wei, S. Wang, Z. Chen, and L.
Xiao, The dawn of lead-free perovskite solar cell: Highly
stable double perovskite Cs,AgBiBrg film, Adv. Sci. 5,
1700759 (2018).

[33] W. Ning, F. Wang, B. Wu, J. Lu, Z. Yan, X. Liu, Y. Tao,
J.-M. Liu, W. Huang, M. Fahlman, L. Hultman, T. C. Sum,
and F. Gao, Long electron—Hole diffusion length in high-
quality lead-free double perovskite films, Adv. Mater. 30,
1706246 (2018).

[34] W. Gao, C. Ran, J. Xi, B. Jiao, W. Zhang, M. Wu, X. Hou,
and Z. Wu, High-quality Cs;AgBiBrs double perovskite
film for lead-free inverted planar heterojunction solar cells
with 2.2% efficiency, ChemPhysChem 19, 1696 (2018).

[35] E. Greul, M. L. Petrus, A. Binek, P. Docampo, and T. Bein,
Highly stable, phase pure Cs;AgBiBrs double perovskite
thin films for optoelectronic applications, J. Mater. Chem.
A'5,19972 (2017).

[36] W. Pan, H. Wu, J. Luo, Z. Deng, C. Ge, C. Chen, X. Jiang,
W.-J. Yin, G. Niu, L. Zhu, L. Yin, Y. Zhou, Q. Xie, X.
Ke, M. Sui, and J. Tang, Cs, AgBiBrg single-crystal X-ray
detectors with a low detection limit, Nat. Photonics 11, 726
(2017).

[37] I. Luo, S. Li, H. Wu, Y. Zhou, Y. Li, J. Liu, J. Li, K.
Li, F. Yi, G. Niu, and J. Tang, Cs,AgInCls double per-
ovskite single crystals: Parity forbidden transitions and
their application for sensitive and fast UV photodetectors,
ACS Photonics 5, 398 (2017).

[38] T. Thao Tran, J. R. Panella, J. R. Chamorro, J. R. Morey,
and T. M. McQueen, Designing indirect-Direct bandgap
transitions in double perovskites, Mater. Horiz. 4, 688
(2017).

[39] G. Volonakis, A. A. Haghighirad, R. L. Milot, W. H. Sio,
M. R. Filip, B. Wenger, M. B. Johnston, L. M. Herz, H.
J. Snaith, and F. Giustino, Cs;InAgClg: A new lead-free
halide double perovskite with direct band gap, J. Phys.
Chem. Lett. 8, 772 (2017).

[40] J. Zhou, Z. Xia, M. S. Molokeev, X. Zhang, D. Peng, and
Q. Liu, Composition design, optical gap and stability inves-
tigations of lead-free halide double perovskite Cs, AgInCly,
J. Mater. Chem. A 5, 15031 (2017).

[41] W. Meng, X. Wang, Z. Xiao, J. Wang, D. B. Mitzi, and
Y. Yan, Parity-forbidden transitions and their impact on the
optical absorption properties of lead-free metal halide per-
ovskites and double perovskites, J. Phys. Chem. Lett. 8,
2999 (2017).

[42] G. Volonakis, M. R. Filip, A. A. Haghighirad, N. Sakai,
B. Wenger, H. J. Snaith, and F. Giustino, Lead-free halide
double perovskites via heterovalent substitution of noble
metals, J. Phys. Chem. Lett. 7, 1254 (2016).

[43] K. Du, W. Meng, X. Wang, Y. Yan, and D. B.
Mitzi, Bandgap engineering of lead-free double perovskite
Cs;AgBiBrg through trivalent metal alloying, Angew.
Chem. Int. Ed. 56, 8158 (2017).

[44] G.Kresse and J. Furthmiiller, Efficient iterative schemes for
ab initio total-energy calculations using a plane-wave basis
set, Phys. Rev. B 54, 11169 (1996).

[45] P.E.Blochl, Projector augmented-wave method, Phys. Rev.
B 50, 17953 (1994).

[46] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized Gra-
dient Approximation Made Simple, Phys. Rev. Lett. 77,
3865 (1996).

[47] J. Heyd, G. E. Scuseria, and M. Ernzerhof, Hybrid function-
als based on a screened Coulomb potential, J. Chem. Phys.
118, 8207 (2003).

[48] J. Paier, M. Marsman, K. Hummer, G. Kresse, I. C. Ger-
ber, and J. G. Angyan, Screened hybrid density func-
tionals applied to solids, J. Chem. Phys. 124, 154709
(2000).

[49] See Supplemental Material at http:/link.aps.org/supple
mental/10.1103/PhysRevApplied.10.041001, which includes
Refs. [25,29,39,42,51-55] for details of calculated and
experimental results in double perovskites.

[50] S. Lany and A. Zunger, Assessment of correction methods
for the band-gap problem and for finite-size effects in super-
cell defect calculations: Case studies for ZnO and GaAs,
Phys. Rev. B 78, 235104 (2008).

[51] C. Freysoldt, B. Grabowski, T. Hickel, J. Neugebauer, G.
Kresse, A. Janotti, and C. G. Van de Walle, First-principles
calculations for point defects in solids, Rev. Mod. Phys. 86,
253 (2014).

[52] G. Makov and M. C. Payne, Periodic boundary conditions
in ab initio calculations, Phys. Rev. B 51, 4014 (1995).

[53] U. Gerstmann, P. Deak, R. Rurali, B. Aradi, T. Frauen-
heim, and H. Overhof, Charge corrections for supercell
calculations of defects in semiconductors, Phys. B Con-
dens. Matter 340342, 190 (2003).

[54] C. Freysoldt, J. Neugebauer, and C. G. Van de Walle,
Fully Ab Initio Finite-Size Corrections for Charged-Defect
Supercell Calculations, Phys. Rev. Lett. 102, 016402
(2009).

[55] W. Ming, S. Chen, and M.-H. Du, Chemical insta-
bility leads to unusual chemical-potential-independent
defect formation and diffusion in perovskite solar cell
material CH3NH;Pbl;, J. Mater. Chem. A 4, 16975
(2016).

[56] H. Shi and M.-H. Du, Shallow halogen vacancies in
halide optoelectronic materials, Phys. Rev. B 90, 174103
(2014).

[57] J. Xu, J.-B. Liu, B.-X. Liu, and B. Huang, Intrinsic

defect physics in indium-based lead-free halide double
perovskites, J. Phys. Chem. Lett. 8, 4391 (2017).

041001-7


https://doi.org/10.1021/acs.jpclett.6b01041
https://doi.org/10.1002/smtd.201700316
https://doi.org/10.1016/j.joule.2018.06.017
https://doi.org/10.1021/jacs.5b13294
https://doi.org/10.1021/acsenergylett.6b00471
https://doi.org/10.1021/jacs.7b01629
https://doi.org/10.1002/advs.201700759
https://doi.org/10.1002/adma.201706246
https://doi.org/10.1002/cphc.201800346
https://doi.org/10.1039/C7TA06816F
https://doi.org/10.1038/s41566-017-0012-4
https://doi.org/10.1021/acsphotonics.7b00837
https://doi.org/10.1039/C7MH00239D
https://doi.org/10.1021/acs.jpclett.6b02682
https://doi.org/10.1039/C7TA04690A
https://doi.org/10.1021/acs.jpclett.7b01042
https://doi.org/10.1021/acs.jpclett.6b00376
https://doi.org/10.1002/anie.201703970
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1063/1.1564060
https://doi.org/10.1063/1.2187006
http://link.aps.org/supplemental/10.1103/PhysRevApplied.10.041001
https://doi.org/10.1103/PhysRevB.78.235104
https://doi.org/10.1103/RevModPhys.86.253
https://doi.org/10.1103/PhysRevB.51.4014
https://doi.org/10.1016/j.physb.2003.09.111
https://doi.org/10.1103/PhysRevLett.102.016402
https://doi.org/10.1039/C6TA07492H
https://doi.org/10.1103/PhysRevB.90.174103
https://doi.org/10.1021/acs.jpclett.7b02008

	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


