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Summary

Controlling or passivating the surface defects in perovskite materials is a key parameter to
enhance the high photoluminescence quantum efficiency. An enhanced quantum efficiency
for perovskite MAPbBr; (MA = methylammonium) nanocrystals was demonstrated by
encapsulating the MAPbBr3; with graphene (Gr) arising from defect passivation, a conclusion

supported by density functional theory calculations.
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ABSTRACT

Diminishing surface defect states in perovskite nanocrystals is a highly challenging subject for
enhancing optoelectronic device performance. We synthesized organic/inorganic lead-halide
perovskite MAPbBr; (MA = methylammonium) clusters comprising nanocrystals with
diameters ranging between 20~30 nm and characterized an enhanced photoluminescence (PL)
quantum yield (as much as ~7 times) by encapsulating the MAPbBr3 with graphene (Gr). The
optical properties of MAPbBr3; and Gr/ MAPbBr3 were investigated by temperature-dependent
micro-PL and time-resolved PL measurements. Density functional theory calculations show
that the surface defect states in MAPbBT3 are removed and the optical band gap is reduced by

an 0.15 eV by encapsulation with graphene due to partial restoration of lattice distortions.
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1 Introduction

Given their low cost, high power conversion solar cell efficiency and high luminescence
efficiency, light emitting diodes (LEDs), and organic/inorganic hybrid lead-halide perovskites
MAPbX3; (MA = CH3NH3, methylammonium, and X = Cl, Br, 1) have been studied
extensively [1-9]. In addition, the band gap of these hybrid lead-halide perovskites can be
tuned over the whole visible region by halide substitutions and by the ratio of A-site cations
[10-13]. In particular, the bromide perovskite (MAPbBr3) has been studied widely due to its
large band gap change and the stability [14]. Theoretically, the optical band gap of the
MAPDBBI3 is calculated to be 2.2~2.3 eV [15]. In addition, experimentally it is found to depend
upon the crystal type, that is, the gap is ~2.246 eV for single crystals [16], ~2.15 eV for thin
films [17], ~2.214 eV for microcuboids [18], ~2.204 eV for microstructures [19] and ~2.36
eV for quantum dots (QDs) [20] due to quantum confinement -effects. High
photoluminescence quantum yield (PLQY)) is only seen when high excitation powers or high
current densities are employed, due to the presence of defects in MAPDbBr3 causing
nonradiative process [21]. Surface defects need to be passivated properly on the MAPbBr3
surface to achieve a high PLQY [22]. In semiconductor materials, the electric and optical
properties can be modified by controlling the intrinsic defects [23]. Surface defects become
more dominant in nanoscale materials given the increasing surface to volume ratio. A giant
enhancement in the PL of CsPbCls perovskite NCs was reported by dual-surface passivation
[24], Lewis base passivation [22], and surface passivation with a graphene oxide interlayer,
which enhances the efficiency of perovskite solar cells [25]. If we are able to control or
passivate the surface defects in organic-inorganic hybrid lead-halide perovskite materials, the
desired high PLQY can be achieved.

Here, we show that the PL efficiency of the MAPbBr3 nanocrystals is much enhanced

when compared to pristine nanocrystals by encapsulating the MAPbBr3 clusters (comprising



many nanocrystals with diameters 20~30 nm) using graphene (Gr/MAPbBr3). The
nanocrystals are sandwiched at the top and bottom by graphene sheets synthesized using
chemical vapour deposition [26-28], as in our previous work where we encapsulated
molecules with a graphene sheet [29]. The integrated PL intensity of pristine MAPbBr3
reduces by two orders of magnitude as the nanocrystals warm from 10 K to 300 K, whereas
that of Gr/MAPbBr3/Gr reduces by only a factor of two, indicating that the PL quantum yield
of Gr/MAPbBr3/Gr is much enhanced (by about 7 times) when compared to that of pristine
MAPDBTr3. The origin of the PL of MAPbBr3; and Gr/MAPbBr3 clusters is analysed by using

temperature-dependent micro PL (uPL) and time-resolved PL (TRPL) techniques.

2 Experimental

2.1 Sample preparation
PbBr2 (98%), HBr (48% in water), y-butyrolactone (99%) and N, N-dimethylformamide
(DMF) were purchased from Sigma-Aldrich. Methylamine (40% in methanol) was purchased
from Tokyo Chemical Industry (TCI). Octylammonium bromide and methylammonium
bromide were prepared according to a method described previously [30]. Octylammonium
bromide (25.2 mg, 0.12 mmol), methylammonium bromide 8.8 mg, 0.08 mmol) and PbBr
(73.4 mg, 0.2 mmol) were dissolved in 1 ml DMF. This homogeneous mixture was added to
4 mL y- butyrolactone while being stirred at room temperature, which continued for 10 min.
The addition of 15 mL of ether immediately produced a greenish yellow colloidal solution
which was centrifuged at 5000 rpm for 5 minutes. The yellow precipitate was redispersed in
toluene for further characterization.

The graphene, prepared on a Cu foil, was transferred onto SiO; (300 nm)/Si by a poly
(methylmethacrylate) (PMMA)-assisted wet-transfer method. The PMMA was spin coated

onto Gr/Cu foil. The PMMA-coated Gr was placed in a solution of Cu etchant (CE-100,



Transene Company, Inc.) to remove the Cu foil. After the Cu foil was completely removed
away, the PMMA -coated Gr was scooped using the Au patterned SiO>. The PMMA layer was
then removed with acetone, and the sample was rinsed several times with DI water. The
MAPDBr; nanocrystals were put in a toluene solution and the solution was treated under
sonication for 10 min. Then the solution was dispersed on the desired substrate. In order to
compensate for surface defects, we also prepared MAPbBr3; clusters encapsulated with
graphene (Gr/MAPDBr3). A graphene layer was transferred onto the Au patterned SiO:
substrate prior to the dispersion of the MAPbBr3 solution. Finally, a second graphene layer
was transferred onto the substrate to encapsulate the MAPbBr3 clusters.
2.2 Transmission Electron Microscopy and X-ray Diffraction
Transmission electron microscopy images were taken on a JEOL JEM-2100F electron
microscope using a 200 kV electron source. Samples were prepared on 200-mesh carbon
coated Cu grids by dropping NC solutions that allowed for evaporation (see Fig. S1.) The
powder X-ray diffraction was done on a D/MAX2500V/PC diffractometer, Rigaku using Cu-
rotating anode X-rays. The Bragg diffraction angle (20) range was set to 10-50° and scan rate
was 2°/ minute (see Fig. S2).
23 Photoluminescence and time-resolved photoluminescence

A frequency-doubled Ti:sapphire laser operating at 400 nm with a pulse-picked repetition rate
of 50 kHz was used to excite the MAPbBT3 in the u-PL experiments. The incident laser power
on the MAPDbBr3 surface was 20 nW. The sample was mounted in a continuous-flow helium
cryostat, allowing the temperature to be controlled accurately from 10 K to room temperature.
PL measurements were taken in increments of 5 K. A 100x objective was held by a sub-
micron precision piezoelectric stage above the cryostat and used to focus the incident laser
beam to a spot size of ~1 um? and to collect the resulting luminescence. The luminescence

was then directed to a spectrometer with a spectral resolution of ~700 peV. The signal was



finally detected using a cooled charge coupled device (CCD) detector. All the PL spectra were
obtained by using a 0.3 m focal length spectrometer with a 300 gr/mm grating. Time
resolved photoluminescence (TRPL) measurements were carried out using the same
experimental set up as above. The dispersed PL was reflected towards a photomultiplier
connected to a commercial photon counting system (Becker&Hickl SPC-130), with a time
resolution of ~130 ps. Measurements of the lifetimes of the confined states were then carried
out over a range of excitation power densities.
24 DFT Calculations

Density functional theory (DFT) calculations were performed using the Vienna Ab initio
Simulation Package (VASP) [31] with the PBE functional [32] plus Takatchenko-Scheffler
van der Waals correction [33] including dipole corrections in conjunction with projector-
augmented plane-wave basis set of 500 eV energy cut-off. The hexagonal MAPbBr3 slab was
constructed from the cubic MAPbBr3 with the lattice mismatch of ~2 % to graphene and -
points were sampled with a I'-centered (4 x 2 x 1) mesh. The charge analysis was conducted

using Bader charge analysis code version 1.03 [34].

3 Results and discussion

The MAPDBr3 clusters with average lateral diameters ~2 to ~7 um are dispersed on an Au
patterned SiO, substrate (Fig.1a). Fig. 1b shows the uPL spectra of the MAPbBr3 with
different cluster sizes taken at the positions in Fig.1a. The pPL energy depends strongly on
the cluster size, which decreases rapidly from ~2.7 eV to ~2.45 eV as the cluster size increases
from ~2.1 to ~4 um the rate of change of the energy shift decreases, whilst the PL intensity
increases, as shown in the inset. Although, in general, the PL emission energy depends on the

size of the QDs, which is less than the Bohr radius of ~2 nm, we note that the PL emission



energy of MAPbBr; strongly depends on the size of the clusters which is similar to the energy
dependence with crystal grain size seen by Chin et al [35]. The origin of this effect is still
unclear, however one possible explanation is that energy transfer to a small proportion of
larger nanoparticles is more likely in larger clusters, fostering a red shift in the emission,
which would also explain why the shift gets smaller for the largest clusters, approaching the
energy seen in single crystals ~ 2.3 eV, as the spread in nanoparticle size is finite. The overt
energy difference between small and large clusters is more than > 0.3 eV which suggests a
new pathway for bandgap tuning instead of the exchange of halides or the tuning of the A-
site cation ratio. The temperature-dependent uPL measurements of the MAPbBr3 clusters
were carried out at the positions shown in Fig. 2a-c.

In order to elucidate the effect of graphene encapsulation on the MAPbBr3 cluster,
MAPDBBr13/Gr, and Gr/MAPDbBr13/Gr are also prepared on the Au patterned SiO» substrates
(Fig. 2b and 2c¢). The graphene layer is clearly observed in the optical microscopy image and
confirmed by measuring Raman spectra (see Fig. S3). Fig. 2d, 2e, and 2h show the
temperature-dependent normalized PL spectral maps of the MAPbBr3;, MAPbBr3/Gr, and
Gr/MAPbBr3/Gr clusters, respectively, at temperatures ranging from 10 to 300 K. It clearly
shows that the PL emission energy shifts to high energy with increasing temperature and the
samples also undergo phase transitions at certain marked temperatures. However, there are
several big differences in the PL energy shifts between these samples. Firstly, we notice that
the variation of the PL energy of the MAPbBr; cluster with temperature shows three kinks
(lateral red arrows) near 25 K, 170 K, and ~260 K due to phase transitions of the hybrid lead-
halide perovskite [24, 36, 37]. However, we do not observe these specific kinks in
Gr/MAPDBr3/Gr.

When the MAPbBr3 is encapsulated with graphene, we expect that the abrupt lattice

variation of MAPbBr3 is mechanically protected because the thermal expansion coefficient of



graphene is negative [38, 39]. A similar effect was observed in CsPbBr,I3../PbS where stable
PbS colloidal QDs protect the cubic phase of CsPbBr.l3.x below the critical temperature by
mechanically anchoring to CsPbBr,I3., [40]. Secondly, although we use MAPbBr; clusters of
similar size for MAPbBr3, MAPbBr3/Gr, and Gr/MAPbBr3/Gr samples, their PL emission
energies are quite different. The PL energy of MAPbBr3 is about ~2.43 eV (~510 nm), while
that of MAPbBr3/Gr, Gr/MAPbBr3/Gr redshifts to ~2.34 eV (529.8 nm) and ~2.23 eV (~556
nm) at 10 K, the Gr can modify the band gap. This is well confirmed by DFT calculations
(discussed later). Thirdly, while the full width at half maximum (FWHM) is almost constant
below 100 K and then increases above 100 K for the MAPDbBr; cluster, that of
Gr/MAPDBr3/Gr decreases with the increasing in temperature up to 100 K but then increases
monotonically above 100 K.

In order to extract physical parameters such as emission energy, FWHM, and integrated
PL intensity of the PL spectra as a function of temperature in the region from 10 to 300 K, all
the spectra were paramaterised using a Voigt profile. Some typical spectra at several
temperatures are shown in Fig. 3. The PL spectrum at 10 K shows an asymmetric shape, which
may originate from an exciton-exciton scattering in the low temperature regime and surface
defects due to large surface to volume ratio [20, 41]. This indicates the existence of more than
two components at least. For the MAPbBr3 cluster, the main emission energy is about 2.429
eV with a FWHM of ~37.3 meV (7.23 nm), and two emission lines are enough to reconstruct
the PL spectrum with an additional shoulder peak centered at 2.398 eV (cyan line) which may
originate from surface defects (Fig. 3a). While the PL peaks shift to high energy, the low
energy PL peak almost disappears after ~80 K, and the main peak remains up to room
temperature. As we expected, the intensity above 200 K is very low. However, the PL
spectrum of Gr/MAPbBr3/Gr is broader and more asymmetric than that of MAPbBr3 at 10 K.

The total FWHM of the Gr/MAPDbBr3 is about 50 meV (12 nm) and it can be reconstructed



by three peaks (Fig. 3b). In a similar manner to the 2.398 eV peak of MAPbBr3, the lowest
energy peak (cyan solid line) disappears rapidly above ~50 K due to the passivation of surface
defects by the graphene encapsulation. An additional peak (green solid line) at 2.214 eV shifts
to high energy and disappears above ~180 K. Though the origin of this peak is unclear, we
can expect a new peak due to interface-defects because the MAPbBr; is mechanically
contacted to graphene. This interface also causes strain because of the opposite thermal
expansion coefficients for MAPbBr; and graphene. Finally, the main peak (blue solid line)
positioned at ~2.24 eV remains above room temperature. Unlike pristine MAPbBr3, the PL
peak intensity at room temperature is not quenched, implying a high PLQY.

In order to characterize the PLQY in MAPbBr3; and graphene encapsulated MAPbBr3, we
compare the integrated PL intensities over the whole temperature range. As shown in Fig. 3,
the PL peak intensity of the MAPbBr3 becomes very low and noisy above ~200 K, whereas
that of graphene encapsulated MAPDbBr3 is still intense and clear. From the best fitting results,
the integrated PL intensity is presented as a function of temperature (Fig. 4a and b). The
integrated PL intensity ratio at low versus room temperature (I10x/I300x) changes from 38.1
for MAPDBr; to 5.14 for Gr/MAPDbBr3/Gr. From these results, we can conclude that the QY
of the Gr/MAPbBr3/Gr is enhanced by ~7.4 times compared with that of the MAPbBr3. If we
assume that the quantum yield is 100% at low temperature (5K), it decreases to 1% quantum
yield due to the decrease in the PL intensity of two orders of magnitude at room temperature
[42].

The PL enhancement is related to an increased exciton binding energy or a reduction in
the defect density. The thermal activation energy or exciton binding energy can be deduced
by using the equation of I(T) = I,/(1 + Aexp(—Ey/kgT), in which Iy is the intensity at 0K,
Ey is the exciton binding energy, and kg is the Boltzmann constant. In order to determine the

activation energy of the samples, the intensity variation as a function of temperature was fitted



by an Arrhenius function (see Fig. S4). The fitted binding energy for the MAPbBr3; above
~100 K is ~86.6 meV, which is large compared to ~13 meV for a single crystal [16], ~53.3
meV for microstructures [19], ~54.8 meV for microcuboids [18], ~65 meV for bulk [20], and
76 meV for polycrystalline thin film [43]. Though the value is small compared with the
binding energy of ~375 meV of MAPbBr; QDs [20], it is large enough to give excitonic
emission at temperatures of a few hundred K. In addition, the binding energy for the
Gr/MAPbBr3/Gr increases to ~104.6 meV, contributing to the excellent PL efficiency at high
temperature.

The PL peak broadening with temperature provides information on inhomogeneous
features of the samples as well as on the coupling between excitons and phonons. Fig. 4c and
d show the FWHM as a function of temperature. The FWHM of the main peak of MAPbBr3;
shows a small linear increase up to ~70 K, and then broadens more steeply as the temperature
increases up to ~300 K where the FWHM of ~140 meV is slightly larger than that of a
MAPDBT3 thin film (~100 meV) [17]. For the graphene encapsulated MAPbBr3, however, the
FWHM decreases linearly up to ~100 K and then increases up to ~60 meV at 300 K, which
is less than a half that for pristine MAPbBr3. This behaviour at low temperatures is quite
atypical. The thermal broadening of the emission linewidth due to the exciton-phonon

interaction can be expressed by the following equation [44],
_ A
[(T) = To + 0T + yio/[exp (- 12) 1],

which is denoted as red solid lines in Fig 4c and d. I'o in the first term represents the

temperature-independent inhomogeneous broadening at 7= 0 K.

The homogenous broadening due to exciton-phonon interactions can be deduced
by the last two terms. Here, ¢ and yLo are the coupling coefficient between an exciton

and an acoustic phonon and that between the exciton and the longitudinal optical (LO)



phonon, respectively. ELo in the last term is the LO phonon energy. The values of ELo
for MAPbBr3 and Gr/MAPbBr3/Gr are calculated to be ~53.6 meV and 32.2 meV,
respectively, indicating a strong exciton-phonon interaction. Though these values are
2~3 times larger than the value (15.3 meV) in MAPDbBr;3 thin film [17], they are close
to the value (42.2 meV) of MAPbBr3 QDs [20] which is in good agreement with the
unresolved Raman mode of ~340 cm™! (42.2 meV) in MAPbI; [45]. Moreover, the
position of MA molecule-related modes should be higher than 300 cm™ [16].

Fig. 5a shows the TRPL decay curve of the MAPbBr3 and Gr/MAPbBr3/Gr measured at
10 K. The charge carrier kinetics can be modelled with following coupled differential

equations to describe the decay dynamics of the organic-inorganic materials [46, 47].

dn

—GL = ket ki kg (),
dny
== ke, ).

Eq. (1) has three contributions governed by three different drivers of recombination dynamics.
The first term kg; arises from trap-assisted recombination, ks, is the free carrier
recombinationrate, and k3 is the Auger recombination rate. At low temperatures excitonic
decay [Eq. (2)] can also be significant. Here we assume the exciton density (7,) and the free-
carrier decay (ny) are independent of each other. Only kr, and k, describe radiative
recombination and all the other parameters are assumed non-radiative. These equations
produce good fits to the data and the resultant fitted parameters are summarized in Table 1.
The free carrier density of the MAPbBr3 is much higher than that for Gr/MAPbBr3/Gr
because the free carriers filled trap states [48]. Conversely, the exciton density of the
Gr/MAPbBBr3/Gr is about twice that of the MAPbBr3 contributing to the observed radiative
recombination rate. The trap-assisted recombination rate of the MAPbBr3 is much higher than

that of the Gr/MAPbBr3/Gr. As the trap states in perovskites are intrinsic and increase with



temperature [49], we can speculate that it is due to thermally activated atomic vacancies [49-
51]. These defects can be compensated by mechanical protection using graphene due to its
negative thermal expansion coefficient.

Fig. 5b shows the TRPL decay trends of MAPbBr3; and Gr/MAPbBr3/Gr measured at 300
K. Though we observe only single peak PL spectra at a high temperature regime, the TRPL
spectra are fitted well by using a bi-exponential decay model, where the fast component (t1)
and slow component (12) of the emission peak arise from different origins. The decay times
of 11 and 12 are 4.9£0.14 ns and 20.1£1.1 ns, respectively, for the MAPbBr3, are very similar
to those seen for colloidal MAPbBr; QDs originating from the initial excitonic decay upon
light absorption and exciton radiative recombination with surface states due to the stable
excitons [20]. These decay times increase more in Gr/MAPDbBr3/Gr with the values of
~5.1£0.16 ns and 25.4+1.3 ns, respectively. The fast component is similar to that of MAPbBT3,
however, the slow component increases by ~5 ns, implying that the surface state is more stable
due to reduced intrinsic defects arising from graphene passivation.

To better understand the graphene passivation mechanism, we performed DFT
calculations [52] using the PBE+TS functional [53] with and without graphene on a PbBr»-
terminated Pb-vacant MAPbBr3; surface. The distance between the graphene and the
MAPDBr; is d = 3.43A, indicating that graphene physisorbs to MAPbBr3 without any
chemical bonding. A charge transfer (CT) of 0.21e per unit-cell from graphene to the
MAPDBT3; slab occurs and most of the CT, 0.2e per unit-cell, is to the first Pbl, surface layer.
The geometry optimizations of two surfaces (Fig. 6a, b) reveal an explicit role for graphene
acting on MAPDbBr; surface defects. Without graphene encapsulation, we observe severe
lattice distortions of the Br-Pb-Br frame (Oprpo-r ~147.6°) compared to the case with

graphene (Osr-pb-Br ~168.9°). As expected, the Pb-vacancy of MAPbBr3 forms only a shallow



level just above the valence band maximum from the density of states calculation (Fig. 6¢)
[54]. However, upon graphene encapsulation, followed by partial restoration of lattice
distortions, the defect state is removed (Fig. 6d). The band gap of MAPbBr; after the graphene
encapsulation decreases by 0.15 eV from the DFT calculation, which is consistent with the
experimental observation of ~0.2 eV. Although studies on graphene encapsulation of the
pristine surface of tetragonal MAPbI; or cubic CsPbls have been carried out [55, 56], the role
of graphene encapsulation on defect passivation of perovskite solar cell materials has not yet

been realized.
4 Conclusion

In summary, we have characterized the enhanced photoluminescence quantum yield of
organic-inorganic hybrid lead-halide perovskite MAPbBr3 clusters comprised of nanocrystals
with diameter 20~30 nm using p-PL and time-resolved PL. Once the MAPbBr3 clusters are
encapsulated by graphene to passivate the surface defects on the MAPbBr3, the PL efficiency
is enhanced (as much as 7 times) over the MAPbBr3 clusters. From the temperature-dependent
PL measurements, the exciton binding energies are calculated to be ~86.6 meV for MAPbBr3
and ~104.6 meV for the Gr/MAPbBr3/Gr, causing the greatly improved PL efficiency at high
temperatures. The FWHMSs of the MAPbBr3; and Gr/MAPbBT3 clusters are deduced to be 53.6
meV and 32.2 meV, respectively, indicating strong exciton-phonon interaction. The decay
time of Gr/MAPbBr3/Gr is ~25 ns, 25 % longer than that of MAPbBr3, implying that the
surface state is more stabilized by the passivation of intrinsic defects. Density functional
theory calculations support the experimental results that surface defect states in MAPbBr3 are
removed by graphene passivation causing a large enhancement in the PL efficiency due to

partial restoration of lattice distortions.
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Table 1 Fitting parameters from the TRPL traces measured at 10 K.

free carrier density exciton density kyi k2
(cm?) (cm™) (sh (cm’s™)
MAPbBTr; 4.6x10"7 1.5x10"° 3.2x10° | 1.98x10°3

Gr/MAPbB13 0.4x10"7 2.4x10% 2.0x10° | 2.84x10™M




Figure captions

Figure 1 Optical microscopy and PL emission. (a) Optical microscopy image of the MAPbBr3
clusters dispersed on an Au patterned SiO> substrate. The size was estimated along the lateral
direction. (b) uPL spectra of the MAPbBr3; nanoparticles with different cluster sizes. Inset
depicts the PL energy and intensity as a function of MAPbBr; cluster size. Each color spectrum

corresponds to the same colored circle marked in (a).

Figure 2 Optical microscopy and PL emissions. Optical microscopy images of MAPbBr3
clusters dispersed on SiO; substrates (a) without graphene, (b) MAPbBr3/Gr, and (c)
Gr/MAPbBBr3/Gr. Normalized temperature-dependent PL maps of the MAPbBr3 (d),
MAPDBBr13/Gr (e) and Gr/MAPbBr13/Gr (f).

Figure 3 Photoluminescence spectra. Temperature-dependent PL spectra of MAPbBr3 (a) and
Gr/MAPbBBr3/Gr (b). All spectra are reconstructed by fitting using a Voight profile. Solid
circles are the measured data. The cyan, green and blue solid lines are the reconstructed peaks

and red solid lines are the sum of the reconstructed peaks.

Figure 4 Photoluminescence intensity and FWHM. The integrated PL intensities of MAPbBr3
(a) and Gr/MAPDBBr13/Gr (b). Circles are data obtained by fitting. The variation of the FWHM
for the main PL peaks of MAPbBr3; (¢) and Gr/MAPbBr3/Gr (d) are plotted as a function of

temperature. Circles are the measured data and the red solid lines are the fitted results.

Figure 5 Time-resolved photoluminescence. (a), TRPL trace of the MAPbBr3 (black circles)
and Gr/MAPbBr3/Gr (red circles) measured at 10 K. The black and red solid lines are fitted by
coupled differential equations. (b), TRPL spectra of the MAPbBr3 (black circles) and
Gr/MAPbBBr3/Gr (red circles) measured at 300 K. The black and red solid lines are fitted by a

biexponential decay function.

Figure 6. Density functional theory calculations. The geometry of a PbBr;-terminated Pb-
vacant MAPbBr3; surface (a) without and (b) with graphene with Pb(red), Br(brown), C(grey),
N(blue), and H(white) atoms. The density of states (DOS) of the PbBr>-terminated Pb-vacant
MAPbBBr3 surface (¢) without and (d) with graphene. The DOS of surface Pb (red) and Br

(brown) states clearly indicates the effect of defect passivation by graphene.
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