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By means of density functional theory computations, we comprehensively investigated
the stability and electronic properties of the hybrid CH3;NH;3;Pbl3 (methylammonium
lead iodide, MAPI)/graphene heterojunctions, where the MAPI layer was adopted
with MAI (methylammonium iodide)-terminations. Qur cemputations demonstrated
that the o—m interfacial interactions make the cont2<t wviiy stable, and such inter-
actions lead to charge redistribution and concormritant internal electric field in the
interface, which is beneficial for the electrn-l.ole separation. © 2018 Author(s).
All article content, except where otherwise i.oted, is licensed under ~. Creative
Commons Attribution (CC BY) license Latt»://creativecommons.org/lice wsos/vy/4.0/).
https://doi.org/10.1063/1.5044453

The methyl ammonium lead kalide “CH3NH3Pbl;, MAPI) neiovikites, as one organic metal
halide perovskite, are making recc -d-reaking advances in the zaw=r conversion efficiency (PCE)
of nanostructured solar cells: tii2 PCE value increased from. _.81% for the dye-sensitized solar
cells in 2009' to 10.1% fo= tae 5n doped perovskite mate=ict<in 2014? and to 19.3% for the per-
ovskite heterojunction 1,20 4° and recently exceedes 2% for hybrid perovskite solar cells.*°
It has been recognized that the interface structure 1s.viaying an important role in the PCE of
perovskite-based solar cells.””!7 In recent years, ‘rericndous theoretical efforts have been devoted
to understanding the underlying mechanisms 01 ‘tie superior and the unique electronic properties
of perovskites and 2D heterojunctions.'® *V i example, density functional theory (DFT) stud-
ies of Volonakis and Giustino verifieo thot/the interfacial ferroelectricity of graphene-MAPbI3
interfaces originates from the interp'a; Fetween the graphene plane and the MAPbI3’s octahe-
dral connectivity.”?> Haruyama et =" ¢xamined the effects of vacancy defect on the interface of
anatase-TiO,(001) and tetragoual MAPbI3(110) and found that vacancies in the TiO, layer create
hole trap states and recombinati~n centers. DFT calculations of Hu et al. revealed that the band
edge modulations in the.giaphene/CH3;NH;3Pbls heterojunctions are due to the interfacial charge
redistribution.’® Note “ii2 the 2D lateral heterostructures also hold a wide potential for device
applications.?!

However. m( =t theoretical investigations concentrated on the Pbl,-terminated interfaces,
and the intcrfeces of MAI (methylammonium iodide) terminations were scarcely explored. The
recent thecreiical study of Wang et al. revealed that both the Pd atoms and the MA molecules
of the M A- erminated MAPbI3 surface play essential roles in the photocatalytic hydrogen evolution
reac ‘o2 Considering the availability of vast o bonds in the MAI-terminated MAPI surfaces and the
s+ onp effect of o—m interfacial interactions (Fig. 1) on the electronic structures of graphene, >3 here by
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FIG. 1. Top (up) and side (bottom) views of the MAPI bulk (a) ar'u D sn.z:e layer (b) models used in this vork. Color scheme:
H, white; C, brown; N, blue; I, purple; Pb, dark gray. The Pb’; octahed'ron was highlighted in light blvCi.(C) Tllustration of the
three types of o— interfacial interactions in the heterostry :tur. of the MAI-terminated MAPI slak an.' graphene.

means of DFT computations, we studic t'.e siability and electronic propei s of the heterojunctions
of the MAPI with MAI termination. and graphene (MAPI/G).

Our DFT calculations were'ca ric 4 out using the Vienna a/ .70 simulation package (VASP)
code.?* Considering the weak ini=1.ctions between MAPI ap<-2:aphene monolayers, optPBE-vdW
functional® was used for zeoiaet y optimizations. For the Fend o.ructure computations, we employed
the PBE (Perdew-Burke-Zinz :rhof) functional since it ¢ ieids a 1.73 eV bandgap for MAPI bulk, in
good agreement with the experimental values of 1.5-1.7 ¢V.3¢37 Based on recent studies using the
quasi-particle GW method,*-° the good agreem(nt Hctween the computed PBE and the measured
bandgap is a result of error cancellation, i.e., n vnaerestimation due to the standard DFT bandgap
error and an overestimation due to the exc’asio. or spin—orbit coupling (SOC). Recently, Agiorgousis
et al. found that the change in the calcr.atc? atomic forces is negligibly small when including the
SOC.** From our test calculations oz aM A slab, we found that including the SOC has non-ignorable
influence on the band structure of e MAPI slab (Fig.2). Thus, SOC was considered in our band
structure calculations for con.parisor,.

The Monkhorst-Pack schems "' of 8 x 8 x 1 (4 x 4 x 1) k-point mesh was applied for unit cell
(2 X 2 x 1 supercell) georeivy optimizations, while a larger grid (25 X 25 x 1) was used for electronic
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FIG. 2. Calculated band structures of (a) the MAPI bulk (unit cell), (b) the MAPI monolayer without SOC, and (c) the MAPI
monolayer with SOC along the high-symmetry lines in the first Brillouin zone using PBE. The Fermi level was set to be zero
as denoted by the green dashed line.
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structure computations. The kinetic energy cutoff for the plane-wave basis set was chosen to be
500 eV. The MAPI monolayer model was built based on the experimentally measured lattice constants
of the tetragonal bulk MAPI (I4/mcm) [a = b =8.86 A, ¢ = 12.66 A; Fig.1(a)]. * The vacuum along
the c-axis was set larger than 20 A, which is sufficient to avoid the interaction between neighboring
slabs.

In our study, the binding energy between MAPI and graphene monolayers, Ey, is defined as
Ey = EMMAPI/G) — E(MAPI) — E(G), where E(MAPI/G), E(MAPI), and E(G) are the total ener-
gies of MAPI/G and the energies of MAPI and graphene single layers, respectively. According to
this definition, a more negative binding energy indicates a more energetically favorable interaction
between MAPI and graphene.

We first studied the free-standing MAPI slab. For the MAI-terminated slab, each [PbIs]* octa-
hedron is connected with four neighbors at the halide in the periodic plane, and the Pbl,-plane is
sandwiched between two MAI layers (Fig.1). The lengths of two Pb —I dangling bonds (3.26, 3.27 A)
are slightly longer than those four in the plane (3.18, 3.20,3.21, 3.22 A) due to the Jahn-Teller effect.*3
Both surfaces are terminated with CH3NH3* and I atoms.

The energy difference between spin-polarized and spin-nonpolarized calculations is less than
0.5 meV per unit cell (C4N4H»4PbyIg), and the magnetic moment is 0.00up; thus the spin-
nonpolarized computations were used for the electronic properties of the MAPI monolayer and
MAPI/graphene hybrids.

To evaluate the stability of MAPI with MAI terminafo1.. we calculated the cohesive energy
per atom (E.) using the following definition: E. = (iE~ - j&ny + kEg + mE; + nEpy, — Epapr)/
(i+j+k+m+n), where Ec, En, Eg, E;, Epy, «nd Cyapy represent the totai energies of the
isolated atoms (C, N, H, I, and Pb) and MAPJIslab, respectively, and i, j, k, n./ava m correspond
to the number of isolated atoms in the slab. Prc-lous theoretical studies revealcd tiat the 2D MAPI
surfaces with the stable vacant terminatior. and ‘he Pbl,-rich flat terminatioi h¢ ve quite comparable
stability.!” For our model with MA terin1 aii~n, the cohesive energy (3.32 :V/atom) is larger than
that of the Pbl,-rich flat terminations (3.2 eV/atom), indicating the 'ucher thermodynamic stability
of the MAI-terminated MAPI glab. Our results are in good agreament with the DFT finding of
Quarti ef al.?

The calculated band strutu-es of the MAPI slab and t »« along high symmetry directions in
the Brillouin zone are s! ovi 11 Fig.2. Both systems arc di>ct-bandgap semiconductors with the
minimum bandgap at the T symmetry point. The PEY “andgap of the 2D MAPI slab with MAI
termination (2.17 eV) is wider than that of the bu'ic (.7 3 eV) and also wider than that of the Pbl,-
terminated slabs at the same theoretical level y it oimilar settings (1.50 eV in Ref.26, 1.56 eV in
Ref.19, 1.64 eV in Ref.30, and 1.79 eV in F.ci.22)in comparison, the PBE + SOC yields a narrower
gap value of 1.35 eV for the 2D MAPI ¢'ac

We further examined the partial car. e densities associated with the valence band maximum
(VBM) and conduction band minimun. (CBM) of the MAPI monolayer. As shown in Fig.3, both
the VBM and CBM consist »ws ly Hf I-5p and Pb-6p orbitals, exhibiting very similar electronic

FIG. 3. Top views of VBM (a) and CBM (b) of the MAPI monolayer. Color scheme: H, white; C, light gray; N, blue;
I, brown; Pb, dark gray.
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FIG. 4. Top (upper) and side (bottom) views of optimized structures of the MAPI/G bilayer in the stacking pattern of I (a),
II (b), and III (c). Color scheme: H, white; C, light gray; N, blue; I, brown; Pb, #ark gray.

characteristics as the bulk phase'® and the MAPI slabs wi‘ii"ihe stable vacant termination and the
Pbl,-rich flat termination.2®

For the hybrid MAPI/G bilayer, the heterojraction contains a 2 X 2 MAI-terrinaated MAPI slab
(C16N16HogPbgIsy) and a 4+4/3 X 7 graphene ni>.olayer (Cy;2). The lattice of L raphene is stretched
by less than 4% to match that of MAPI. Chnsicering the asymmetry of the 'w¢ MAPI surfaces, we
examined three different stacking patt<in (77g.4). To achieve a more s ab' 2 interface, more o—x
interfacial interactions are desired. Thu. the MAPI slab and grapheric ars stacked with as much as
C—H/N—H/Pb—I bonds pointing/w:the Cg centers: In patterns xar< II, the graphene is stacked
under MAPI with as much as o-'n ‘niecfacial interactions; in pac erie 111, the MAPI is adjusted under
the graphene with as much 2, ¢ -.¢ interfacial interactions. (™ aifference between I and II is the
individual numbers of C{-F-3ud Pb—I bonds pointing te<ae ¢ centers, but the total number of such
bonds in the two configura®<ns are comparable.

To get the lowest-energy configuration for eacls s:a<king pattern, we plotted the binding energy
(Ey) curves of the three staking patterns (Fig.5) -T2 uptimal distances between the outmost H layer
and graphene are 2.27, 2.28, and 2.33 10\, rospectively, for I, IL, and I patterns. The lengths of two
Pb—I dangling bonds (3.20-3.24 A) are siorte ned up on contacting with the graphene.
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FIG. 5. Binding energy curves of the MAPI/G bilayer with three different stacking patterns.
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The binding energies of these three patterns are close: I is energetically most favorable
(Ep = —9.90 eV), which is closely followed by II (Ey, = —9.86 eV), while III (E, = —9.44 eV)
is 0.46 eV higher in energy than I. The average binding strength (given by E/A, where A is the
surface area) between the MAPI slabs with MAI termination (3.01-3.15 eV/nm?) is much stronger
than that of Pbl,-terminated slabs (1.38—1.47 eV/nm?),? suggesting even stronger interfacial contact
between the MAI-terminated MAPI slab and graphene. Note that both the equilibrium interlayer
distances and the binding energies in MAPI/G bilayers are very close to the corresponding values in
the graphene/C4H bilayers,’® where considerable C—H. . .t interactions between graphene and its
partially hydrogenated counterpart (C4H) exist.

According to the Hirshfeld charge analysis, there is a charge transfer of 0.36, 0.35, and 0.32 lel
from the graphene to the MAPI slab in systems I, I, and III, respectively, i.e., the graphene gains
electrons and the MAPI loses electrons at the interface. This finding resembles the previous DFT
findings that the m-conjugated Lewis base** and Cgp>> can extract electrons from the perovskite
layers. We further analyzed the electron localization function (ELF).*> Since the three MAPI/G
bilayers have very similar electronic properties, here we used only bilayer I as the representative.
As shown in Figs.6(a)and6(b), there are more electrons distributed on the free termination of the
MAPI slab than on the MAPI termination of the MAPI/graphene interface, in line with the result of
the Hirshfeld charge analysis.

The aforementioned charge redistribution on the MAPI-G h;ur d should lead to an internal elec-
tric field along the direction pointing from the free-stand'ng of the MAPI slab to the graphene.
As expected, our computations showed that an electrosiauc potential difference (Ag) between
the free-standing MAPI surface and the graphenc .nurtace of 0.21 eV is introduced [Fig.6(c)],
which is beneficial for electron-hole separation~The SUC included PBE gives vt close Ag value
(0.22eV).

Furthermore, we carried out the electr¢ aic b nd structure calculations of 'he' M API/G bilayer. For
comparison, we also calculated the bard ¢ ruziure of free-standing grapt.=n¢ (a 4+/3 X 7 supercell).
As shown in Fig.7, the Dirac point fali. inside of the bandgap of ‘ue MAPI slab, implying that
the MAPI/G bilayer is a Schottky juaction. By comparing the baad structures of the MAPI slab
[Fig.2(b)], we found that the ccatecc with graphene has negliei. le influence on the bandgap of the
MAPI slab (~2.17 eV before £ na aiier contact). The band ber. in’; (A) can be estimated by the energy
difference between the I erii ievels of the MAPI/G bil« er and the free-standing MAPI slab, i.e.,
A = AEE = Wmaprig — Wiiapr, where AEE is the dii‘=i»nce of the Fermi level and Wyapyg and

(c) ¢

Electrostatic potential (eV)

T T T T T
10 15 20 25 30 35
Z @A)

<
|

FIG. 6. The ELF (electron localization function) of the MAPI slab (a) and MAPI/G bilayer (b). (c) The surface potential
difference of the MAPI/G bilayer. Color scheme: H, white; C, light gray; N, blue; I, brown; Pb, dark gray.
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FIG. 7. PBE band structures of the (a) MAPI/G bilayer and (b) free-standing graphene. The Fermi level was assigned at 0 eV.
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S3Fw=4.70
21
1 - Eq
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FIG. 8. PBE energy diagrams for the free-standi. o /[API layer and graphene in the MAPI/G uilayer before and after contact.

Wwmapr are the work functions ¢t the MAPI/G bilayer and frec standing MAPI slab, respectively.
The work function of the MA °I 1 lab and graphene is 4.70 2n4 48 eV, respectively, which indicates
that the Fermi level of N A%y shifts up, while the Ferm’ wove: of graphene shifts down to reach the
same value in the MAPI/G complex. Meanwhile the cunduction band (CB) and valence band (VB)
of the MAPI slab are both pulled downward sligliuy wad both form a band bending of 0.21 eV at
the interface. The energies of the VB maximun'(Z'y ) and the CB minimum (E¢) of the free-standing
MAPI slab are —5.20 and —3.03 eV, respectiv iy, relative to the vacuum level. Interfacing graphene
with the MPAI slab introduces the upshi.* ¢ /11 eV for VB and CB of MAPI. Therefore, the p-type
Schottky barrier height (SBH) is 0.00 ~V. and the corresponding n-type SBH is 1.57 eV (Fig.8).
Since the stacking patterns only sliztly affect the work function, we did not illustrate the energy
diagrams of the MAPI/G bila; ¢ ¢€ V. or III contacts here.

For the PBE + SOC calcuiatiins, the work function of the free-standing MAPI slab is 4.89 eV,
and the Ey and Ec are 5.0.) and 3.67 eV, respectively. In the MAPI/G complex, the work function,
Ev, and Ec of MAPI tiun out to be 4.68, 4.81, and 3.46 eV, respectively, and the p-type and n-type
SBH will be 0.34 anc 91 eV, respectively. The PBE method with and without SOC included gives
the same trend tl 2t the p-type SBH is lower than the n-type SBH, and we only illustrate the PBE
energy diagiains o Fig.8.

In summary, by means of DFT computations, we comprehensively investigated the structural
stability an 1 tlectronic properties of the heterojunctions of the graphene and MAPI slab with MAI
tern “ictic s. The considerable o—m interfacial interactions endow the MAPI/G interface more stable
Jancthe contact of the Pbl,-terminated MAPI and graphene, and the concomitant charge redistribution
intioduces an internal electric field in contact, which is beneficial for electron-hole separation. Though
the low p-SBH obtained in the contact of the graphene and MAI-terminated MAPI slab is smaller
than that of the Pbl,-terminated interface (0.85 eV in Ref.22), the introduction of o—m interfacial
interactions may provide some guidelines for experimentalists in fabricating more stable MAPI-
graphene interfaces.


http://www.SolidDocuments.com/

114203-7 Liet al. APL Mater. 6, 114203 (2018)

This work was supported in USA by the National Science Foundation-Centers of Research
Excellence in Science and Technology (NSF-CREST Center) for Innovation, Research and Education
in Environmental Nanotechnology (CIRE2N) (Grant No. HRD-1736093) and NASA (Grant No.
17-EPSCoRProp-0032), and in China by the startup project of Inner Mongolia University.

LA, 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).

2F. Zuo, S. T. Williams, P. Liang, C. Chueh, C. Liao, and A. K. Jen, “Binary-metal perovskites toward high-performance
planar-heterojunction hybrid solar cells,”Adv. Mater. 26, 6454 (2014).

3H. Zhou, Q. Chen, G. Li, S. Luo, T. Song, H. S. Duan, Z. Hong, J. You, Y. Liu, and Y. Yang, “Interface engineering of
highly efficient perovskite solar cells,”Science 345, 542 (2014).

4N J. Jeon, J. H. Noh, W. S. Yang, Y. C. Kim, S. Ryu, J. Seo, and S. I. Seok, “Compositional engineering of perovskite
materials for high-performance solar cells,”Nature 517, 476 (2015).

SW.S. Yang, J. H. Noh, N. J. Jeon, Y. C. Kim, S. Ryu, J. Seo, and S. I. Seok, “High-performance photovoltaic perovskite
layers fabricated through intramolecular exchange,”Science 348, 1234 (2015).

oM. Saliba, T. Matsui, J.-Y. Seo, K. Domanski, J.-P. Correa-Baena, M. K. Nazeeruddin, S. M. Zakeeruddin, W. Tress, A. Abate,
A. Hagfeldt, and M. Gritzel, “Cesium-containing triple cation perovskite solar cells: Improved stability, reproducibility and
high efficiency,”Energy Environ. Sci. 9, 1989-1997 (2016).

L. Etgar, P. Gao, Z. Xue, Q. Peng, A. K. Chandiran, B. Liu, M. K. Nazeeruddin, and M. Gritzel, “Mesoscopic
CH;3NH3Pbl3/TiO; heterojunction solar cells,”J. Am. Chem. Soc. 134, 17396-17399 (2012).

8R. Lindblad ef al., “Electronic structure of TiO,/CH3;NH3Pbl; perovskite solar cell interfaces,”J. Phys. Chem. Lett. 5(4),
648-653 (2014).

9 M. Batmunkh et al., “Solution processed graphene structures for perovskite sulasells,”J. Mater. Chem. A 4(7), 2605-2616
(2016).

10 A, Agresti er al., “Graphene—perovskite solar cells exceed 18% /invicicy: A stability study,”ChemSusChem 9(18),
2609-2619 (2016).

T A, Agresti et al., “Graphene interface engineering for perovskite “nlar modules: 12.6% power conv=rsion efficiency over
50 cm? active area,” ACS Energy Lett. 2(1), 279-287 (2517,

12y, Busby, A. Agresti ef al., “Aging effects in interface-c. sineered perovskite solar cells with.2:) nanomaterials: A depth
profile analysis,”Mater. Today Energy 9, 1-10 (2€.8).

I3E Biccari et al., “Graphene-based electron tr=10.¢ 1= yers in perovskite solar cells: (A st>p-up for an efficient carrier
collection,” Adv. Energy Mater. 7(22), 17013-27.017).

14 P, Schulz, “Interface design for metal hali'= perc skite solar cells,” ACS Energy. L(#2, 1287-1293 (2018).

I5A. Vassilakopoulou, D. Papadatos, and I' K utselas, “Flexible, cathodoluminascont and free standing mesoporous silica
films with entrapped quasi-2D perov.kioxs,”.ppl. Surf. Sci. 400, 434-439 (Z)17,

16C, Petridis, G. Kakavelakis, and 72X makis, “Renaissance of graphere- elaied materials in photovoltaics due to the
emergence of metal halide pe:oshite < olar cells,”Energy Environ. Scii *a (), 1030-1061 (2018).

I7E. Shi et al., “Two-dimensio: =7 ua) de perovskite nanomaterials and'ac.2rostructures,”Chem. Soc. Rev. 47(16), 6046-6072
(2018).

18 E Brivio, A. B. Walker, and A. Walsh, “Structural and electron:= wor _rties of hybrid perovskites for high-efficiency thin-film
photovoltaics from first-principles,” APL Mater. 1(4), 0421" 1 (C 013).

19°y. Wang e al., “Density functional studies of stoichior ietr.> surfaces of orthorhombic hybrid perovskite CH3NH3Pblz,”
J. Phys. Chem. C 119(2), 1136-1145 (2015).

20§, Haruyama et al., “Termination dependence of *=ti»gor a1 CH3NH3Pbl; surfaces for perovskite solar cells,”J. Phys. Chem.
Lett. 5(16), 2903-2909 (2014).

211, E. Castelli er al., “Bandgap calculatichs wni-rends of organometal halide perovskites,”APL Mater. 2(8), 081514
(2014).

22 G. Volonakis and F. Giustino, “Ferriciec sic sraphene-perovskite interfaces,”J. Phys. Chem. Lett. 6(13), 24962502 (2015).

23 7. Haruyama et al., “Surface prope. s o CH3NH3Pbl; for perovskite solar cells,” Acc. Chem. Res. 49(3), 554-561 (2016).

24 J. Haruyama et al., “First-princioles scady of electron injection and defects at the TiO»/CH3NH3Pbl; interface of perovskite
solar cells,”J. Phys. Chem. L'+t 8(23), 5840-5847 (2017).

5. Quarti, F. De Angelis, a1 1.2 Beljonne, “Influence of surface termination on the energy level alignment at the CH3; NH3 Pbl3
perovskite/Cg interface = yem. Mater. 29(3), 958-968 (2017).

26 H. Uratani and K. Yai asi. ta, “Charge carrier trapping at surface defects of perovskite solar cell absorbers: A first-principles
study,”J. Phys. Che n. _ett. 8(4), 742-746 (2017).

27J.-C. Li et «l, “Ineerfacial interactions in monolayer and few-layer SnS/CH3NH3Pbl; perovskite van der Waals
heterostruc.ure: and their effects on electronic and optical properties,”ChemPhysChem 19(3), 291-299 (2017).

28 W.-W. ¥vair & al., “A first-principles prediction on the ‘healing effect’ of graphene preventing carrier trapping near the
surfa. = o uetal halide perovskites,”Chem. Sci. 9, 3341-3353 (2018).

291 _zhang et al., “Interactions between molecules and perovskites in halide perovskite solar cells,”Sol. Energy Mater. Sol.
“el» 175, 1-19 (2018).

301 ¢1u et al., “Probing interfacial electronic properties of graphene/CH3;NH3Pbl3 heterojunctions: A theoretical study,”Appl.
Surf. Sci. 440, 35-41 (2018).

31y, Zhao et al., “Growth control, interface behavior, band alignment, and potential device applications of 2D lateral
heterostructures,”Wiley Interdiscip. Rev.: Comput. Mol. Sci. 8, e1353 (2018).

32 L. Wang et al., “Pb-activated amine-assisted photocatalytic hydrogen evolution reaction on organic—inorganic perovskites,”
J. Am. Chem. Soc. 140, 1994-1997 (2018).


https://doi.org/10.1021/ja809598r
https://doi.org/10.1002/adma.201401641
https://doi.org/10.1126/science.1254050
https://doi.org/10.1038/nature14133
https://doi.org/10.1126/science.aaa9272
https://doi.org/10.1039/c5ee03874j
https://doi.org/10.1021/ja307789s
https://doi.org/10.1021/jz402749f
https://doi.org/10.1039/c5ta08996d
https://doi.org/10.1002/cssc.201600942
https://doi.org/10.1021/acsenergylett.6b00672
https://doi.org/10.1016/j.mtener.2018.04.005
https://doi.org/10.1002/aenm.201701349
https://doi.org/10.1021/acsenergylett.8b00404
https://doi.org/10.1016/j.apsusc.2016.12.189
https://doi.org/10.1039/c7ee03620e
https://doi.org/10.1039/C7CS00886D
https://doi.org/10.1063/1.4824147
https://doi.org/10.1021/jp511123s
https://doi.org/10.1021/jz501510v
https://doi.org/10.1021/jz501510v
https://doi.org/10.1063/1.4893495
https://doi.org/10.1021/acs.jpclett.5b01099
https://doi.org/10.1021/acs.accounts.5b00452
https://doi.org/10.1021/acs.jpclett.7b02622
https://doi.org/10.1021/acs.chemmater.6b03259
https://doi.org/10.1021/acs.jpclett.7b00055
https://doi.org/10.1002/cphc.201701108
https://doi.org/10.1039/c7sc04837h
https://doi.org/10.1016/j.solmat.2017.09.038
https://doi.org/10.1016/j.solmat.2017.09.038
https://doi.org/10.1016/j.apsusc.2017.12.260
https://doi.org/10.1016/j.apsusc.2017.12.260
https://doi.org/10.1002/wcms.1353
https://doi.org/10.1021/jacs.7b12028
http://www.SolidDocuments.com/

114203-8 Liet al. APL Mater. 6, 114203 (2018)

33Y. Li and Z. Chen, “XH/n (X = C, Si) interactions in graphene and silicene: Weak in strength, strong in tuning band
structures,”J. Phys. Chem. Lett. 4, 269-275 (2013).

34 G. Kresse and J. Furthmiiller, “Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis
set,”Phys. Rev. B 54, 11169-11186 (1996).

35]. Klimes, D. R. Bowler, and A. Michaelides, “Chemical accuracy for the van der Waals density functional,”J. Phys.:
Condens. Matter 22, 022201-022205 (2010); “Van der Waals density functionals applied to solids,”Phys. Rev. B 83,
195131 (2011).

36T Baikie, Y. Fang, J. M. Kadro, M. Schreyer, F. Wei, S. G. Mhaisalkar, M. Gritzel, and T. J. White, “Synthesis and
crystal chemistry of the hybrid perovskite (CH3;NH3Pbl3) for solid-state sensitized solar applications,”J. Mater. Chem. A
1, 5628-5641 (2013).

37p. Schulz, E. Edri, S. Kirmayer, G. Hodes, D. Cahen, and A. Kahn, “Interface energetics in organo-metal halide perovskite-
based photovoltaic cells,”Energy Environ. Sci. 7, 1377-1381 (2014).

38 P, Umari, E. Mosconi, and F. De Angelis, “Relativistic GW calculations on CH3NH3Pblz and CH3NH3Snl3 perovskites
for solar cell applications,”Sci. Rep. 4, 4467 (2014).

IE Brivio, K. T. Butler, A. Walsh, and M. van Schilfgaarde, “Relativistic quasiparticle self-consistent electronic structure of
hybrid halide perovskite photovoltaic absorbers,”Phys. Rev. B 89, 155204 (2014).

40M. L. Agiorgousis, Y.-Y. Sun, H. Zeng, and S. Zhang, “Strong covalency-induced recombination centers in perovskite solar
cell material CH3NH3Pbl3,”J. Am. Chem. Soc. 136, 14570-14575 (2014).

41'H. J. Monkhorst and J. D. Pack, “Special points for Brillouin-zone integrations,”Phys. Rev. B 13, 5188-5192 (1976).

42 A Poglitsch and D. Weber, “Dynamic disorder in methylammonium trihaloplumbates(II) observed by millimeter-wave spec-
troscopy,”J. Chem. Phys. 87, 6373-6378 (1987); C. C. Stoumpos, C. D. Malliakas, and M. G. Kanatzidis, “Semiconducting
tin and lead iodide perovskites with organic cations: Phase transitions, high mobilities, and near-infrared photoluminescent
properties,”Inorg. Chem. 52(15), 9019-9038 (2013).

43 L. E. Orgel and J. D. Dunitz, “Stereochemistry of cupric compounds,”Natu.> 75, 462-465 (1957).

4y, Lin, L. Shen, J. Dai, Y. Deng, Y. Wu, Y. Bai, X. Zheng, J. Wang, Y Fa. ¢, H. Wei, W. Ma, X. C. Zeng, X. Zhan, and
J. Huang, “m-conjugated Lewis base: Efficient trap-passivation anc ci A gc-extraction for hybrid perovskite solar cells,”
Adv. Mater. 29(7), 1604545 (2016).

45 B. Silvi and A. Savin, “Classification of chemical bonds based ot topological analysis of electron loclization functions,”
Nature 371, 683-686 (1994); A. Savin, R. Nesper, S. Wez gert, and T. F. Fassler, “ELF: The electr= loca.ization function,”
Angew. Chem., Int. Ed. Engl. 36(17), 1808-1832 (1997,


https://doi.org/10.1021/jz301821n
https://doi.org/10.1103/physrevb.54.11169
https://doi.org/10.1088/0953-8984/22/2/022201
https://doi.org/10.1088/0953-8984/22/2/022201
https://doi.org/10.1103/physrevb.83.195131
https://doi.org/10.1039/c3ta10518k
https://doi.org/10.1039/c4ee00168k
https://doi.org/10.1038/srep04467
https://doi.org/10.1103/physrevb.89.155204
https://doi.org/10.1021/ja5079305
https://doi.org/10.1103/physrevb.13.5188
https://doi.org/10.1063/1.453467
https://doi.org/10.1021/ic401215x
https://doi.org/10.1038/179462a0
https://doi.org/10.1002/adma.201604545
https://doi.org/10.1038/371683a0
https://doi.org/10.1002/anie.199718081
http://www.SolidDocuments.com/

