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SUPPORTING INFORMATION
I. COMPUTATIONAL DETAILS

Our calculations were performed by VASP (5.4.4) [1] using a plane wave basis set with
the projector augmented wave (PAW) method [2]. The plane-wave energy cutoff was set
to 400eV. Standard pseudopotentials are used for C,N.,I.Pb,H, including 4,5,7,4,1 valence
electrons, respectively. For better performance, we use an optimized version of VASP for
['-point calculations. This is allowed since VBM and CBM of MAPbI; are located at the
[-point and the unit cell dimensions are rather large.

We usually employ a GGA-PBE functional [3]. All structures were relaxed at PBE-
level until the Hellman-Feynman forces were below 0.01eV/ A. For selected cases a single-
point calculation (without structural relaxation) is done, by employing the HSE hybrid
functional [4] with a mixing parameter of 0.43 and SOC. This follows the approach of Du
[5]. Last but not least, we include van der Waals interactions by the correction scheme
(DFT-D3) proposed in [6], in all calculations.

Regarding the CH3NH; (MA) molecule orientation, our VAC terminated case in fig. 1
of the main text employs an apolar orientation, as introduced by Quarti et al. [7], where
half of the C atoms pointing up and half down. This avoids the formation of an electric
dipole moment. In the case of MAI termination, the inner layers are apolar too. Only
the outermost MA molecules have “topC” orientation, which is shown in Quarti et al. [7]
to be the most stable MAI terminated surface. Still, the structure is mirrored along the
(horizontal) central Pb-I plane to further ensure a cancellation of dipole moments.

To furthermore quantify the influence of surface trap densities to the PLQY, we cal-
culate a stack averaged PLQY, defined as

[ dzR,(x)

PLQY = Taw (1)

with bimolecular (radiative) recombination rate R,, generation rate G and stack depth

x. We then calculate the change in QFLS
AQFLS = —kgT In {PLQY} (2)

These quantities can be obtained via drift-diffusion simulation. Latter solves the coupled
continuity and Poisson-equation including drift and diffusion currents in case of semi-

conductors. The Transfer-matrix method is used for optical properties. Source or sink
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terms are used within the continuity equation, to model trap-assisted and bimolecular
recombination processes, as well as generation due to illumination. An overview of these
processes is given in SI fig. [l Values for different surface trap densities will be compared
and perhaps explain the reduced PLQY in Warby et al. [§].

For drift-diffusion simulations, we use the commercial semiconductor-optics software
SETFOS 5.4.13 [9]. Our stack consists of glass(lmm)/perovskite (500nm)/Cgo(30nm)/
air(100nm), representing the experimental stack, used in Warby et al. [§]. All electronic
parameters egomo, ELuMo; Nons Nop, Ers fte, n, for perovskite and Cgp are adapted from
Diekmann et al. [10], except for the mobility, which is chosen to be 10cm?/Vs for electrons
and holes. This is a lower estimate, since triple cation and or mixed halide perovskites
have mobilities up to 35cm?/Vs [L1, 12]. For a table, see SI table [V] Perovskite surface
and bulk trap parameters can be found in SI, table|IV|to[V|and are adapted from [13], [14].
For Cgg we use the Langevin recombination, described in SI. The stack is illuminated from
the left side, using 500nm monochromatic light (Inm spectral width) and an intensity of
589.2W/ m”. This intensity yields the same photon current as the sun, if only photons
above the bandgap (1.68eV) are absorbed.

Since, the surface traps are of major importance in our drift-diffusion simulations,
we highlight their implementation in SETFOS. The coupled continuity and Poisson-
equation including drift and diffusion currents in case of semiconductors are the basis of
this simulation. Then, source and sink terms are used within the continuity equation,
to model trap-assisted recombination processes. For an exemplary electron trap at the

surface, this results in following differential equation

Onmt
ot

= (N = ™) (Ci'n' + Cin” + B! + E57)

o n%nt (C«;,lpl + C;,rpr + E,Z’l + E:L,r) (3)

where NI™ is the electron trap density at the perovskite/Cg interface and n', p' or n”, p"
the left /right sided (free) carrier densities, respective to the interface. Latter quantities
couple this rate equation to the general stack depth dependent continuity and Poisson-
equation. Processes and corresponding capture coefficients are indicated in SI fig. [l
Upper rate equation allows carrier trapping due to perovskite surface traps, for carriers

originating from perovskite and Cgg.



II. COMMENT ON MIXING PARAMETER FOR HYBRID FUNCTIONALS

For the calculations with the HSE hybrid functional [4], the mixing parameter is set
to 0.43. This is consistent with standard literature [14] for tetragonal MAPbI; bulk
calculations, to yield the correct bandgap. For slab-models, it is consistent to keep this
value, as done by [I5]. This might result in apparently overestimated bandgaps for slab-
models. Since the bulk bandgap was correct, this overestimation has physical reasons, as

discussed in Haruyama et al. [16] who attributed this feature to Pblg distortions.

ITI. ADDITIONAL PARTIAL DENSITY OF STATES

We supply the partial density of states for the VAC:I;, missing in the main text.
Furthermore VAC:I; and VAC:Vy are supplied for the HSE-level. The plots were created
with less broadening and appear more sharp, to identify trap states close to the valence

band.
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FIG. 1. Partial density of states at PBE-level for VAC:I; showing trap states close to the valence

band with contribution of perovskite only.
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FIG. 2. Partial density of states at HSE-level for VAC:I; showing trap states close to the valence

band with contribution of perovskite only.
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FIG. 3. Partial density of states at HSE-level for VAC:V; showing midgap states with joint

contribution of perovskite and Cg.



IV. Cgo ADSORPTION ENERGIES AND DSE’S

A. At PBE-level

TABLE I. Adsorption energies (in eV) of Cgg at PBE-level for different surface terminations
and the contribution from dispersion (DFT-D3). Furthermore, we show adsorption energies in
case of defective surfaces and their DSE. For the positions of defect and Cgg, see fig. [2| in main

text and SI VI

System Eaqs ESP DSE DSEdisp

MAI+Cgp (above bridge) -0.48 -0.49
VAC+Cgo (above Pb) -0.53 -0.45

MAI:Pb;+Ceo -1.14 -0.67 0.67 0.18
VAC:I;4+Cego -0.53 -0.60 0.04 0.15
VAC:V1+Cego -1.19 -0.52 0.66 0.07

B. At HSE-level

TABLE II. Adsorption energies (in eV) of Cgp at HSE-level for VAC termination and the
contribution from dispersion (DFT-D3). Furthermore, we show adsorption energies in case of
defective surfaces and their respective DSE. The structure is equivalent to the PBE case. The

MAIL:Pb;+Cgo case was left out due to high computational costs.

System Eaqs ES® DSE DSEdisp

VAC+Cgg (above Pb) -0.58 -0.45

VAC:I;+Cgg -0.45 -0.60 -0.14 0.15
VAC:V1+Cgo -0.74 -0.52 0.16 0.07




C. Additional Theory
1. Adsorption Energy

The adsorption energy is defined as
FEags = Fiot[complex] — Eyoiladsorbent] — Eyo [adsorbate] (4)

Alternatively, we can use the dispersion (DFT-D3) contribution Eyisp,, instead of the total
energy Fiot.

Eadsaisp = Euaisp[complex| — Eg;sp[adsorbent] — Egip[adsorbate] (5)

2.  Defect Formation Energy

The defect formation energy (DFE) of an uncharged point defect X, is given by [17]
DFE[X] = Eio[P+X] — Evoe[P] = Y _ gty (6)

where Ei[P+X] is the total energy of our supercell, containing MAPbI3, optionally Cgg
and the defect. Ei[P] is the total energy of our pristine supercell without a defect.
Furthermore n; is the number of added (removed) species i, to create the defect X, with
respective chemical potentials p;. We will not use this notion, except for the derivation

in the next section.

3. About Defect Stabilization Energies

Here we show, that the difference of DFE’s, with or without Cgg is equivalent to
the difference of adsorption energies of Cgg with or without presence of defects. Those

differences define the defect stabilization energy (DSE) in eq. 2|

Let DFE’ denote the defect formation energy with presence of Cgy, DFE without. Fur-
thermore, Fi.[P+C+X] denotes the total energy of the defective supercell, with MAPbI;

6



and Cgo, while Eyo[P+X] excludes the latter.

— Buot[P4+X] + Bt [Pl + Y nap (8)

= (Eiot[P+C+X] — Eiot[P+X] — Eiot[C])
— (Buot[P+C] = Et[P] — E[C))

_ podef. EpristA (10)

ads ads

4. Charge Density Differences
We calculate the charge density differences of valence electrons in fig. |1} given by

Ap = PyAPBIsTCgo — PMAPbI; — PCgo (11)

The structure of the separated systems are fixed, relative to the combined one. Tonic
contributions to charges will cancel each other. Thus, a positive value corresponds to
electron-enriched regions caused by redistribution of charges, when the separated systems
are combined. Vice versa negative values are depleted regions. A possible mechanism for
observed charge redistribution could be different occupation numbers in the combined
system. For example a before occupied defect orbital could be now unoccupied, by
occupying the LUMO instead. This can be described by an offset of Fermi levels (of
perovskite and Cgg), which will align after perovskite and Cgp have been brought into
contact. Similar, a redistribution of charges can occur for T > 0K, where the occupation-
statistic of orbitals are smeared.

Instead, we argue that the redistribution is mainly attributed to hybridization, since

we found hybrid orbitals with equally distributed defect or Cgg LUMO character.

V. DRIFT-DIFFUSION STANDARD PARAMETERS

For Cgy we use the Langevin recombination

(&

Ry = ynp = n—— (e + pn)np (12)

E0Er
where 7 is the recombination efficiency based on the morphology of a solar cell device.

Since we have a planar structure n = 1 is a reasonable assumption.



TABLE III. List of used electronic parameters, adapted from [10], except for hole mobility of

perovskite.

Parameter Value

Relative permittivity Cgg 5.0
Relative permittivity perovskite 22
Effective electron density Cgg 1 x10%cm™3

Effective electron density perovskite 2.2 x 10'¥cm=3

Electron mobility Cgg 0.001cm?/Vs
Electron mobility perovskite 10cm?/Vs

Hole mobility Cgo 1 x 1075cm?/Vs
Hole mobility perovskite 10cm?/Vs
Electron affinity Cgg 3.9eV

Electron affinity perovskite 3.9eV

Bandgap Cgo 2.0eV

Bandgap perovskite 1.63eV

TABLE IV. List of used perovskite bulk trap parameters. Trap densities are adapted from [14]

and trap rates and depths from [13].

Parameter Electron/Acceptor traps Hole/Donor traps
Trap density N; (cm™3) 9 x 1013 9 x 10%3

Trap energy depth E; (eV) 0.85 (CB) 1.15 (VB)
Electron capture rate C<,C" (cm3s™1) 1 x 1077 5x 1079

Hole capture rate C’;,C}’} (em3s1) 3.5 x 1078 1x107°

TABLE V. List of used surface trap parameters.

Parameter Value

Trap energy level E; (eV) 4.8

Electron capture rate left Ci'(cm3s™1) 1 x 1078
Electron capture rate right CZ’T(cm‘gs_l) 1x10°8
Hole capture rate left Cg’l(cmgs_l) 1x1077

Hole capture rate right Cg’r(cms’sfl) 1 x 10712
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FIG. 4. Several processes for generation and recombination are shown. Recombinations are

labeled with their corresponding capture coefficient. All arrows indicate the transition of elec-

trons. The reverse emission process is indicated in grey.



VI. GEOMETRIES AND WAVEFUNCTIONS

We show all used geometries combined with all relevant wavefunctions. Latter are
shown as their projected contribution to the charge density (also if not occupied). This
is done, by plotting the PARCHG-files. For atomic labels please see fig. 6.1. Because
of the hybridization, when introducing Cg or defects (or both), we need to redefine the
notions of VBM, CBM and LUMO. This is done by indicating the new quantity with
a prime. Shown orbitals in fig. || correspond to 571 (UP) and 690 (UP) for MAI:Pb;,
(without/with Cgp), 644 (DW) and 764 (DW) for VAC:I; as well as 637 (UP) and 757
(UP) for VAC:Vy.
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