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3
Identifying Grain Boundaries in Halide
Perovskites

This Chapter describes the use of electron backscattering diffraction
(EBSD) to properly determine the grain boundary locations in halide
perovskite thin-films. Grain boundaries play a key role in the performance
of thin-film optoelectronic devices and yet their effect in halide perovskite
materials is still not understood. The biggest factor limiting progress
is the inability to identify grain boundaries; the gold standard - EBSD destroys halide perovskite thin films. Non-crystallographic techniques
commonly misidentify grain boundaries, leading to conflicting literature
reports about their influence. Here we solve this problem using a solidstate EBSD detector with 6,000 times higher sensitivity than the traditional
phosphor screen and camera. We used the crystal misorientation data set
from the EBSD to model the characteristics of grain boundary interface
energy in CH3 NH3 PbBr3 thin-film, and show that the halide perovskite
grains do not exhibit twinning. In addition, we find a peculiar case, where
the grain boundary very likely consists of amorphous halide perovskites.

3.1

Introduction

Minimizing non-radiative recombination is critical to achieving high efficiencies in
optoelectronic devices. Halide perovskites are an emerging class of semiconductor
whose optoelectronic properties are tolerant to defects [1, 2], relative to conventional
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semiconductors. Although the trap density in polycrystalline perovskite films is typically 1014 - 1016 cm−3 (as high as fifty per million unit cells) [3, 4], their photovoltaic
power-conversion efficiencies exceed 20 % [5]. Single-crystalline perovskites exhibit
far lower trap densities (as low as 1010 cm−3 ) [6], and this difference indicates that
polycrystalline thin films posses additional sources of non-radiative recombination
such as more bulk defects, less well-passivated surfaces, or grain boundaries.
To improve the efficiency of devices made from polycrystalline perovskites, it is
necessary to push the trap density of these films to lower values, toward those reported
for single crystals. To achieve this, we first must understand which of these sources of
non-radiative recombination is most important to reduce, a task that is complicated by
the conflicting reports regarding whether grain boundaries in halide perovskite films
are beneficial or detrimental [7–9].
All of these studies on perovskite films have inferred the grain size and grain
boundary locations based on optical or scanning electron microscope (SEM) images,
which contain no crystallographic information. As we show below, the conflicting
results regarding the role of grain boundaries can be explained by misidentification of
the true position and nature of grain boundaries. Therefore, the first step toward
understanding the complex effects of grain boundaries is quantifying their local
crystallographic metrics. Traditionally, electron backscatter diffraction (EBSD) is
the "gold" standard for measuring grain size, orientation and boundary location in
thin-film samples. However, its use in halide perovskites has been hampered by beaminduced damage, making EBSD mapping impossible in thin-film samples so far. There
has been one report of single spot EBSD measurements, which was limited to single
crystals where grain boundaries cannot be studied [10].
Here we demonstrate a new type of solid-state EBSD detector with 6,000 times
higher sensitivity than the traditional camera and phosphor screen to collect EBSD
maps of grain size and orientation in CH3 NH3 PbBr3 thin films. We developed a thin
film deposition protocol that allows us to control the resulting average grain size over a
large range between 1 and 60 µm. We show that the average grain size measured from
EBSD is different (up to a factor of ∼ 1.9) from what is inferred from optical and SEM
images. The EBSD is not only necessary for proper identification of grain boundaries
but also enables deeper insights from studying the dependence on misorientation angle,
disorder at the interface, and heterogeneity in grain size.

3.2

Film formation

In order to systematically study grain boundaries, we developed a simple process
that provided smooth, continuous thin films with average grain size tunable between 1 and 60 µm, depending only on the spin-coating time and speed. Instead
of using the more common lead halide precursor, we used lead acetate trihydrate
(Pb(CH3 COO)2 .3H2 O). Dissolving lead acetate in dimethylformamide (DMF) had
previously produced continuous and highly oriented films of CH3 NH3 PbBr3 [11]. We
dissolve Pb(CH3 COO)2 .3H2 O and CH3 NH3 Br instead in dimethylsulfoxide (DMSO)
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Figure 3.1: CH3 NH3 PbBr3 perovskite film formation. Dark field optical images
showing nucleation sites with short (a) and long (b) spinning time, and resulting films
with short (c) and long (d) spinning time. The scale bars are 50 µm. The insets are
photographs of wet intermediate films (a and b), and perovskite films (c and d) on
glass substrates (each 15 mm × 15 mm). (e) domain size (pseudo-grain) statistics from
optical microscopy versus spinning time with different spinning speeds. The spread of
the areas represents a 95 % confidence interval.
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in a 3.05 : 1 ratio. The spin-coating step determines the density of nuclei within the
wet film of precursors and therefore the grain size of the resulting film: a shorter spincoating duration produces fewer nuclei and larger grains. Scattering from the nuclei
produced within the wet film is visible in dark-field optical images (Figure 3.1a-b).
Given that intermediates are common in the halide perovskite literature [12–15] and
our method does not produce perovskite without the subsequent annealing step, it is
likely that these nuclei are a solvent-rich intermediate phase (details in Supporting
information, Figure 3.7, and 3.8).
During the annealing step at 90 ◦ C over two hours, the nuclei become perovskite
grains which merge into a continuous film. The density of grains in the resulting
perovskite film correlates with the density of the initial nuclei in the precursor film
(Figure 3.1c-d). Furthermore, the high concentration of solute ions in this wet film
allows the perovskite to form before the film coalesces into isolated crystals. When
a more dilute solution was used, islands of perovskite rather than a continuous film
were formed. Although understanding the mechanism of film formation will require
further study, this method successfully decouples the nucleation and growth steps
of the film and therefore offers control over its final domain size (Figure 3.1e) on a
variety of substrates such as glass, silicon, TiO2 , and ITO (Figure 3.9). Therefore, this
method for making continuous, smooth thin-films with controlled domain size is a first
step towards systematically studying the grain boundaries in halide perovskites using
EBSD.

3.3

Grain boundary determination

We carried out EBSD measurements in an electron microscope that was equipped with
a solid-state electron counting detector originally developed for mass spectrometry
but now applied for electrons (Figure 3.2a) [16, 17]. The sensor is equipped with an
electronic noise free circuit, and therefore provides high sensitivity and fast readout,
which enable us to acquire clear EBSD maps of halide perovskite films on glass quickly
before damaging the samples. We used an optimized beam current of 100 pA at an
accelerating voltage of 30 kV, with a pixel dwell time of 100 ms. The electron dose
needed for acquiring EBSD maps here is 6,000 times lower than what was previously
necessary for single crystal samples using the traditional phosphor screen and camera
(6 nA for 10s) [10]. Back-scattered electrons escape from the tilted sample and are
projected onto the detector in a pattern of spherical bands that reflect the Bragg angles
of the local crystal lattice (Kikuchi lines) [18]. By scanning the beam across the sample,
we collected a pattern from each pixel and indexed it to the cubic CH3 NH3 Br3 lattice
to construct a map of the film’s local crystallographic orientations (Figure 3.2b).
Figure 3.3a-d shows EBSD maps of the CH3 NH3 PbBr3 perovskite prepared with
different spinning times. It is evident that the grain size becomes larger with reduced
spinning time (at a given spin speed), which is consistent with trends inferred from
SEM (Top panel Figure 3.3a-d). Most crystal grains are oriented in the [001] direction.
On samples with larger average grain size, however, the population becomes more
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Figure 3.2: Electron backscattered diffraction (EBSD). (a) Schematic of our EBSD
measurement. (b) Simulated Kikuchi patterns for cubic CH3 NH3 Br3 lattice with [001],
[101], and [111] crystal orientation
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Figure 3.3: Collection of scanning electron-microscope (SEM) image (top panel) with
its corresponding colour coded EBSD maps (middle panel), and distribution plot of
crystallographic orientations (bottom panel) of perovskite films with 4 ± 1.7 µm (a), 10
± 4 µm (b), 32 ± 7 µm (c), 54 ± 17 µm (d) grain sizes. The EBSD map for 32 ± 7 µm
grain size shows disordered regions near the grain boundary (featured as a white colour
coded). (e) Kernel density distribution of the grain size statistic (with a bandwidth of h
= 0.337) [42] obtained from the EBSD compared with dark-field optical images. The
size of the grains obtained from the optical images can be misleading (by a factor of up
to 1.9).
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dispersed to higher index orientations of [101] and [111] (the bottom panel) because
of many smaller crystal grains trapped among adjacent larger grains. The mean of the
distribution of apparent grain sizes obtained from optical images differs from the mean
of the distribution obtained using EBSD (Figure 3.3e, the method in Figure 3.10).
Typically the difference is less than 40 %, but in one particular case (brown trace), the
optical images indicate an average grain size of more than a factor of 1.9 larger than
the actual grain size.
Figure 3.4 shows the origin of this discrepancy between an SEM image and its
corresponding EBSD map. Some pixels of the map show no Kikuchi pattern, for
instance area 4; this indicates a disordered region, which could contain amorphous
(not fully crystallized) material [19], nanocrystalline perovskite with grains much
smaller than our interaction volume (based on Monte Carlo simulation; Figure 3.11)
or composite of the two. From EBSD data alone, we also cannot rule out the influence
of surface roughness. The observation of disordered regions occurs primarily in the
sample with an average grain size of 32 µm. In the optical image, such regions would
be incorrectly classified as part of their neighboring grains. Furthermore, the identical
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Figure 3.4: Deceiving features of grain boundaries showing two contrasting cases
where the boundary that is visible under SEM (top-left panel; indicated by the whitedashed line) is not an actual grain boundary from the EBSD (see the corresponding
EBSD maps; top-right panel); whereas within the apparent smooth grain under SEM
(top-left panel; indicated by the white line), there is an invisible grain boundary (topright panel); see the different colour maps under the EBSD). The bottom panel shows
Kikuchi bands obtained by averaging multiple diffraction patterns per pixel within one
scanning area (∼200 - 600 pixels). The scanning areas 1 and 2 show identical Kikuchi
bands, and this pattern is different than that of scanning area 3. Scanning area 4 shows
no distinct back-scattered diffraction. All scale bars are 50 µm.
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Kikuchi patterns between domain 1 and 2 in Figure 3.4 (across the dashed line) indicate
that they are one grain, while their morphology (based on the SEM) suggests there is a
grain boundary. In another area (solid line in Figure 2f), the SEM suggests there is no
grain boundary but the EBSD map shows that one is present.

3.4

Amorphous grain boundary

To further resolve the origins of the disordered region at the grain boundary, we carried
out synchrotron-based nanoprobe X-ray diffraction (nano-XRD) on the sample with
<32 µm> grain size (details in the Supporting information, Figure 3.14, and Figure
3.16). On the basis of the nano-XRD analysis, the disordered grain boundary regions
appear to be amorphous. Figure 3.5 shows a region of grain boundaries where we
detected neither scattering from oriented perovskite [001], nanocrystalline perovskite
phase, intermediate phase, nor precursor traces of PbBr2 . Our nano-XRD scattering
geometry cannot detect the presence of crystalline material with in-plane orientation
([101] or [111]), but since such orientations can be easily indexed from the EBSD
maps, the disordered regions at the grain boundaries where we detect no EBSD nor

c
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Figure 3.5: Amorphous grain boundaries probed using nano-XRD. (a) SEM
image of grain boundary region. (b) Summed scattering intensity across the (002)
CH3 NH3 PbBr3 peak when rocking θ = 12.86 ◦ , 13.47◦ , and 14.07◦ with 2θ fixed at
26.94◦ . The dashed lines are guides to the eye. Scale bars are 4 µm. (c) Diffraction
pattern at the "GB" point highlighted in the scattering intensity map (b), and at the
"bulk" point highlighted in the scattering intensity map. Scale bars 3 mrad. No
intermediate or PbBr2 phases were detected along the grain boundaries (Figure 3.15).
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nano-diffraction intensity are likely to be amorphous perovskites.

3.5

Grain boundary characteristic

Little is known about the crystallographic nature of grain boundaries in halide perovskites; however, thermodynamically the main characteristics of grain boundaries can
be inferred by their crystallographic misorientation angles which can be acquired from
the EBSD [20–23]. Using crystallographic misorientation angles, we can calculate the
interfacial energy among adjacent grain boundaries (details in the Supporting information, and Figure 3.12). For [001] crystal orientation (83 % of the CH3 NH3 PbBr3
perovskite film studied here), the grain boundary interfacial energy increases with
crystal misorientation angle up to 14◦ , but then fluctuates without a pronounced global
minimum for samples with both the small (<4 µm>) and large (<54 µm>) grain size
(Figure 3.6). A pronounced global minimum surface energy at high misorientation
angle is typically associated with a special boundary, called coherent twinning (e.g.
Σ3 or Σ5) which is often observed in other photovoltaic semiconductor materials
(CdTe, chalcopyrite, InP, GaAs, and mc-Si) [24–28]. Removing twinning defects
has been shown to improve solar cell performance [27, 28]. Although such twinning
was previously found on CsPbX3 (X = Cl, Br, I) perovskite nanocrystals [29], and
CH3 NH3 PbI3 thin film [30], we have not been able to observe it within the spatial
resolution of our large-area EBSD mapping (83 nm), even on the higher index crystal

Figure 3.6: Grain boundary surface energy as a function of grain boundary
misorientation for (001) crystal orientation and two grain sizes: <4 µm>, and <54 µm>.
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orientation [101] and [111]. The absence of twinning itself in our films indicates that
a higher excess interfacial energy at the grain boundary is always induced in order to
equilibrate any general structural dislocation (further details of the consequence in the
Supporting information, Figure 3.13).

3.6

Conclusions

In conclusion, here we show the first successful attempt of mapping crystal misorientation by means of electron backscattering diffraction (EBSD) technique in halide
perovskite thin film. This should stimulate an advance toward microstructural characterization in such sensitive materials. We emphasize the importance of using a true
crystallographic measurement when studying the grain boundaries in halide perovskite
thin films. This is not only necessary for proper identification of grain boundaries
but also enables deeper insights from studying dependence on misorientation angle,
disorder at the interface, and heterogeneity in grain size. Using EBSD, we find that
the CH3 NH3 PbBr3 films lack crystal twinning. Interestingly, under certain conditions
amorphous regions can form at the grain boundaries whose effects will be discussed in
Chapter 4.

3.7

Supporting information

3.7.1 The role of the intermediate phase
The solution concentration was 6.15 M CH3 NH3 Br and 2 M Pb(CH3 COO)2 .3H2 O, and
the solution was heated to 60◦ C for 30 minutes while stirring to ensure dissolution of
the powders and then cooled to room temperature before use. Although the precursors
can be temporarily dissolved in a concentrated solution, eventually white crystals
form when the solution is left undisturbed for an extended period of time (several
days to weeks, Figure 3.7). At this high concentration almost all of the solvent is

b

a

2 mm

Figure 3.7: Intermediate crystal formation on CH3 NH3 PbBr3 perovskite. (a) a gel
form of the intermediate crystal phase where almost all of the solvent (DMSO) was
used to form the gel phase. (b) a solution form of the intermediate crystal phase (6
M CH3 NH3 Br mixed with 2 M PbAc solution) after being left undisturbed for an
extended amount of time (several days to weeks).
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Figure 3.8: X-ray diffraction (Cu-Kα) showing low-angle peaks of the intermediate
crystal powder compared to the typical XRD pattern of the final CH3 NH3 PbBr3
perovskite film.

used up in the formation of these intermediate crystals, indicating that the solvent is
also part of their structure. Low angle X-ray diffraction peaks of the polycrystalline
intermediate support this conclusion (Figure 3.8). The highest concentration we tried
was 10 M CH3 NH3 Br and 3.3 M Pb(CH3 COO)2 .3H2 O), and this was still not yet
the limit. Similar behavior has been reported for intermediates formed during the
deposition of CH3 NH3 PbI3 thin films [12, 15]. These crystals, however, convert to
the perovskite when removed from a solvent-rich environment (liquid or vapor), and
higher temperatures accelerate this transformation. In our spin-coating method, the
perovskite layer forms only during the annealing step, even after prolonged spinning,
which suggests that crystals of a solvent-rich intermediate form during spin-coating
and are later converted to the perovskite upon heating. This conclusion is supported by
the fact that solvent- precursor interactions are observed to be particularly strong in
this chemical system. The solubility of both precursors at room temperature increases
when they are dissolved together. Separately each can be dissolved only up to only a 2
M concentration in DMSO.

3.7.2

Durability and practical limitation of the deposition method

Because of the high viscosity of the precursor solution, speeds between 5,000 to 10,000
rpm work best to generate a uniform film. Longer spin- coating duration yields denser
nuclei and hence smaller domain sizes. Higher spin-coating speeds precipitate the
nuclei faster for a given spin-coating duration, likely because more rapid evaporation
of the solvent increases the supersaturation of the solution. We found that this method
works on a variety of substrates such as glass, silicon, TiO2 , and ITO (Figure 3.9).
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Figure 3.9: The efficacy of the controlled grain size method on different substrates.
The top three panels show SEM images, while the bottom panel shows dark-field
optical images.

Cleaning the surface to strong hydrophilicity is critical to produce continuous films, so
pre-treatment of the substrate with piranha solution (containing a mixture of H2 SO4
and H2 O2 (3:1 volume ratio) at 120◦ C for 20 min) or an aggressive oxygen plasma
(O2 plasma descum for 10 minutes at 75 W) is required. This method offers the
ability to tune the grain size of CH3 NH3 PbBr3 films on substrates that are relevant for
device applications. The method for determining the domain size (pseudo-grain) as
well as the actual grain size will be discussed in the following sub-section (Grain size
reconstruction, Figure 3.10).

3.7.3 Sample preparation for the EBSD measurement
The sample is perovskite film on glass. On top of the film, 100 nm thick gold (Au) metal
pads are deposited by thermal evaporation. The separation between two gold pads is 0.6
mm where the EBSD was performed. The metal pads were grounded using copper tape.
The electron beam was set to up to 100 pA, 30 keV with 9.3 mm working distance, and
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binary image

raw image

linear interception
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30 deg

60 deg
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image with
boundary skeleton
Figure 3.10: Procedure to determine the apparent grain size from the optical image, as
well as for the actual grain from EBSD map.

hits at 70◦ tilted with respect to the sample surface. With this condition, we estimate
the beam diameter is around 2 nm (Gaussian shape with landing position on the top
sample surface), and based on Monte Carlo simulation (CASINO) [31], the penetration
depth of interaction volume is around 250 nm after taking into account depth-dose
function correction [43, 44]. Note that this interaction volume is justified when only
12.5 % of the initial energy from the electron beam remained. The penetration depth
is around half compared to the normal incident geometry, which indicates that the
EBSD geometry is more surface sensitive (Figure 3.11a-b). Therefore the escape
probability of the back-scattered electron within this depth becomes higher for the
EBSD geometry (Figure 3.11e-f). The escape probability (determines the contrast
images for acquiring the EBSD) can reduce because of scattering from grain boundaries,
and surface roughness. Figure 3.11c-d show gradual reduction of lateral back-scattered
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Figure 3.11: Simulated interaction volume between electron beam and CH3 NH3 PbBr3
perovskite. X-Z depth profile of back-scattered electron beam energy at 70◦ tilted
sample (a), and 0◦ tilted sample (b). X-Y plane profile of back-scattered electron
beam energy at 70◦ tilted sample (c), and 0◦ tilted sample (d). Back-scattered electron
(BSE) intensity decay as a function of the perovskite Z depth at 70◦ tilted sample
(e), and 0◦ tilted sample (f) showing at 70◦ tilted sample (the EBSD geometry) is
more surface sensitive, but with higher probability of having BSE escaping from the
perovskite surface. All simulations were carried out using Monte Carlo based simulator
(CASINO).

energy means increasing interaction volume) over the distance away from the landing
position of the electron beam (0,0). Hypothetical dimensions of grain boundaries, or
surface roughness (e.g. grooves) are indicated by the colored dashed line to provide an
intuitive account of the percentage of image quality losses during the EBSD orientation
mapping. For example, if the average grain size is 0.45 µm, then the image quality
can reduce by 25 % because of the reduced surface interaction volume. However, it
depends on a number of trajectories of electron beam hitting the grain boundaries.
When the electron beam hits the grain boundaries in which the frequency is higher
compared to the surface interaction volume, the EBSD patterns across the nighbouring
grains cannot be discerned (failure of indexing), unless an image processing technique
can decouple them. The image per pixel was collected using EDAX OIM software
where in conjunction to this we use Python code to accelerate the image processing
time. The Kikuchi patterns were indexed based on cubic CH3 NH3 PbBr3 perovskite
(a = 5.922 Å). The mapping step size in our measurement is typically up to 1 µm
with a grain tolerance angle set to 1-3◦ . A narrower step size is possible, however
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quite often we observed a higher dose level per unit area would degrade the halide
perovskite samples. For a successful EBSD mapping, the narrowest step size that we
have examined on our sample is 100 nm (∼16.6 nm kernel resolution, Figure 3.14).
Also, note that various factors might affect discrepancies to properly reconstruct the
misorientation grain mapping (details discussion in the subsection Disorder at the grain
boundaries, Figure 3.14).

3.7.4

Grain size reconstruction

We follow standard test methods (ASTM E112-13) for determining average grain
size [32, 33]. First we converted the image into a binary type file until an appropriate
skeleton of the grain boundary is distinguished. Next, we created a grid in four different
orientation on top of the images. The idea of using grids with different orientations
is to accommodate as many intersection points as possible between the grids and the
boundary skeletons (contrast lines) of the binary image. Therefore we can reconstruct
the area of every grain, whose square-root is used to determine the grain size; this model
is valid only when the overall grain aspect ratios are nearly 1 to 1 in the x-y plane, which
is the case for all CH3 NH3 PbBr3 perovskite studied here. The orientations of the grids
a
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Figure 3.12: Grain boundary reconstruction. (a) The coordinate system for triplepoints showing the dihedral angle (θ ) between two adjacent grain boundaries, and
misorientation angle (δ) between a grain boundary and its reference coordinate
(coincidence site lattice). (b) illustration for the misorientation angle between two unit
pixels having identical crystal orientation whose symmetry breaks at δ∼60◦ . (c) SEM
image showing three CH3 NH3 PbBr3 perovskite grains (001) with their grain boundary
triple point. (d) One example of grain boundary segmentation on an EBSD map from
which multiple dihedral and misorientation angles were generated. Statistics showing
dihedral angle (e) and misorientation angle (f) over the sample with different grain
sizes studied here.
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are 0◦ , 30◦ , 60◦ , and 90◦ orientation relative to the image coordinate. Each orientation
of grid has multiple lines with interval 3 times less than the pixel size (assuming the
pixel size is cubic; and this applies even better even if the actual pixel is hexagonal,
in this routine we typically set 0.75306 pixels/µm). At least 5000 measurements per
image are required, and preferably over 20000 for more accurate distribution analysis.
The analysis and routine is done using Python code. Schematic of the reconstruction
flow is shown in Figure 3.10.

3.7.5 Grain boundary energy calculation
According to the EBSD map, all crystal grains of CH3 NH3 PbBr3 perovskite do not pose
any strong anisotropic shape, so thermodynamically we can associate relative excess
free energy based on local force balance (local minimum) created at every triple junction
of the grain boundary (Figure 3.12a-c). The three angles (called dihedral angle) created
at the triple junction are associated with their surrounding grain boundary surface energy
whose vector sum of the normal force must be zero (Herring’s law) [20, 34]. We then
can use the classical sine law of Young’s equation to determine the interfacial energy

Figure 3.13: Total volumetric excess energy at the grain boundary. Total excess energy
(stored energy) as a function of grain size at (001) crystal symmetry which fits well with
an exponential decay line. The white square data (<32 µm> grain) indicates that the
grain boundarys segmentation is not perfect because of the amorphous region present
at the grain boundary (Figure 3.14).

64

3.7 Supporting information

of each boundary. At one triple junction it can be expressed as three linear equations:

sin θ2
sin θ3
0

− sin θ1
0
sin θ3

    
0
γ1
0




− sin θ1 . γ2 = 0
γ3
0
− sin θ2

(3.1)

Once multiple triple junctions are connected, a larger matrix will be created. We can
express that as a sum of linear combination equation:
N ,

j =1

Mi ,j

.- .
γi = [b i ] ; i = 1, 2, 3, ...N (N − 1)/2

(3.2)

where M is the combined matrix,γ is the grain boundary interfacial energy, j is the
ordering number for the grain boundary with total number of N, and i is the ordering
of the triple junction with total number of N(N-1)/2, and bi is the residual of the sum.
The grain boundary lines can be acquired from the EBSD map and reconstructed using
EDAX OIM T M Analysis software where we used Kernel method pattern analysis for
a better segmentation result (Figure 3.12d). For one type of grain size sample, we
typically generate around 18000 sets of triple junctions (Figure 3.12e). First we sorted
the triple junctions based on crystallographic orientation; in this case, the crystals are
mainly orientated in the (001) direction. Next, we sorted the triple junctions based
on their crystal misorientation angle (Figure 3.12f). It measures how much the grain
is tilted relative to the local reference frame of crystalline lattice (unit cell). The
misorientation angle is binned and averaged to 2◦ intervals within the 0◦ to 60◦ range.
Since every segmented grain boundary is connected with its adjacent four boundaries
and two triple junctions, an overdetermined matrix system is created. So, in order to
avoid highly symmetric system of linear equations, we used the Kaczmarz’s iteration
method on every row of the matrix in the equation 3.2, which is then projected to
equation 3.3. For example, if the initial guess of the (γ1 , γ2 ) is (γ1 0 , γ2 0 ) then the
successive solution is (γ1 1 , γ2 1 ) where:
γ11 = γ01 + (sin θ2 )

r
(sin θ2 ) + (sin θ1 )2

γ12 = −γ01 + (sin θ1 )

2

r
2

(sin θ2 ) + (sin θ1 )2

r = b i − (sin θ2 ) γ01 − (sin θ1 ) γ02

(3.3)
(3.4)
(3.5)

We justified equation 3.3 to be converged at γ j where k is large enough (typically
less than 1000 in this work) with residual less |0.00005|. The iteration routine was
carried out using Python code. Since every step of the iteration is a projection of
the previous one, the grain boundary surface energy (γ j ) is a normalized value. We
converted the normalized values into a more quantitative approximation based on
the grain boundary surface energy values at misorientation angle below 12◦ using
Read-Shockley’s model [21].
k

!

"
.
G.a
γj =
θ j 0.23 − ln θ j
4π (1 − σ)

(3.6)
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where G is the experimentally measured sheer modulus (10.4 GPa), a is lattice constant,
and σ is Poisson’s ratio (0.29) of bulk single crystal CH3 NH3 PbBr3 perovskite [35, 36].
To estimate the microscopic impact of averaged grain size on the grain boundary energy,
we calculated the volumetric excess energy as a function of grain size average grain
boundary energy (also known as a stored energy, EG ) as [22, 23, 37]:
EG ≃

# $$0
/ # $#
γm θθm 1 − ln θθm
D

(3.7)

where γm is high angle grain boundary surface energy, θ is the grain misorientation, θm
is the misorientation angle characteristic above which the grain boundary surface energy
is independent of misorientation angle, and D is average grain size based on EBSD.
We used Rayleigh’s distribution to calculate the propagating error on the resulting EG
by considering the randomly scattered interfacial energy with misorientation angle
(although it could be due to systematic coincidence site lattices). This is essentially
the driving force for migration for the recrystallization grains, higher stored energy
means higher mobility toward deformation to equilibrate the excess grain boundary
interfacial free energy to accommodate a mechanical strain [21–23, 37]. It shows
that the total excess energy decreases exponentially with grain size in CH3 NH3 PbBr3
perovskite (Figure 3.13). If we can associate this volumetric excess energy at the
grain boundary, then its evolution could appear as several phenomena, such as ionic
conduction pathways, active adsorption sites, or space charge segregation; all of which
should be responsible for the non-radiative recombination losses [38–40].

3.7.6 Disorder at the grain boundaries
There are at least three possible situations that might generate the disordered regions
(in the next subsection, Nano-XRD, confirmed as amorphous) that we observe in our
EBSD mapping at grain boundaries: (1) surface roughness (e.g. a groove), (2) strong
lattice strain, and (3) amorphous grain boundaries, all of which are pointed out in
the ROIs in Figure 3.14. It is important to note that EBSD alone cannot rule out
mechanism (1) and (2). Instead, we confirmed the presence of amorphous regions using
synchrotron based nano-XRD (next subsection). We refer to the disordered region as
all pixelated areas without any visible Kikuchi patterns. Interestingly, the disordered
regions (white color pixels) were still visible even at a smaller step size (100 nm; 16
nm kernel resolution, and up to 3◦ ) misorientation tolerance). In addition, a very large
groove could block the emitted back-scattered electron from the shadowed film surface
to the detector, and this results in a failure of pattern recognition (partial Kikuchi
patterns). We rarely observed such an effect in our films, unless a huge milimeter-sized
chunk happened to stick on the top surfaces. A transition from (001) crystal orientation
to its higher index orientation (101) or (111) also generates a disordered region which
correlates to a larger strain (the hot spot, Figure 3.14d), although this is not always the
case. The synchrotron based nano-XRD is used to confirm the nature of "disordered"
regions because factors (1) and (2) do not apply.
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Figure 3.14: Factor contributing to disordered regions in the EBSD. (a) SEM image,
(b) inverse polar figure (IPF) map showing the true crystallographic orientations, (c)
grain map (the colors distinguish grains, not their crystallographic orientation); the
high resolution map shows that the disordered region (white pixels) are clearly visible
even at 100 nm step size, (d) local average misorientation map that is saturated up to 5
◦ angle projecting the contrast clarity. Note that all of these mappings were acquired
at smaller step sizes than the ones presented in Figure 3.3, and Figure 3.4. The scale
bars are 20 microns. The marked regions of interest show possible causes of the
disordered regions: (1) shadowing/groove/roughness, (2) transition to a higher index
crystal orientation (larger lattice misorientation) and (3) intrinsic properties of the grain
boundaries (at which nano-XRD confirms this is an amorphous boundaries).

3.7.7

Cross-sectional grain information

To identify if there is small grains underneath the thin-film surface, we first checked the
cross-section SEM images for the whole samples with different grain sizes, and found
there are no apparent small grains (Figure 3.15a-d). Conducting a cross-sectional
EBSD map on a sub-micron thin-film is relatively challenging. Alternatively, we used
a small-angle polishing technique to project the cross-section crystal misorientation
mapping. The CH3 NH3 PbBr3 thin-film sample was polished at 0.6◦ to 1◦ angle
creating a wedge, in such the first starting line of the polished area represents the film
thickness, and the last polished line represents the glass-substrate (fully polished); see
the schematic Figure 3.15e. Using the polished sample allows us to do a top-view
EBSD mapping with a geometrical correction mainly for the stretched working distance
between the electron beam and sample of a half-micron (film thickness). Since the
escape probability of emitted back-scattered electron in our geometry is larger than
the film thickness, our detector should have detected any misorientation underneath
the surface. Figure 3.15f-h suggest that all grains underneath the surface do not pose
crystal misorientation with the top-surface. Some disordered regions appear because
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Figure 3.15: Cross-section and EBSD maps on small-angle polished thin-films. SEM
cross-section showing no apparent small domains underneath the surface on samples
with different grain sizes (a-d); the apparent rough substrates is due to an aggressive
oxygen plasma treatment before the perovskite deposition; the scale bars are 500 nm.
(e) cross-section schematic of the small-angle polishing technique with focus ion beam
(FIB) creating a thin-film wedge to "look though" cross-sectional projection of EBSD
mapping on sub-micron thin-film sample. The 0% indicate non-polished (starting point)
and fully polished (end point) of the FIB milling. (f) Image quality after polishing. (g)
grain map EBSD on the polished area. (h) SEM image showing the region of polished
area. The end of the polished region hits the glass substrate (100 %). The scale bars are
20 µm.

of shadowing effect from the samll chunks and the debris of the glass substrate after
ion-milling. From this analysis, we believe that the grain boundaries are vertically
oriented, proving that the urface EBSD mappings are representative of the whole film.
This is also supported by the XRD that shows very strong preferential (100) orientation
of the films (Figure 3.8).

3.7.8 Nano X-ray diffraction analysis
The experiments were performed using the Hard X-ray Nanoprobe (HXN) of the Center
for Nanoscale Materials (CNM) at sector 26-ID-C of the Advanced Photon Source,
Argonne National Laboratory. The coherent and monochromatic incident X-ray beam
(photon energy 9.0 keV, λ=1.378 Å) was focused on the sample by a Fresnel zone plate
(Xradia Inc., 133 µm diameter gold pattern, 24 nm outer zone, 300 nm thickness),
yielding a ≃ 30 nm full-width half-maximum lateral beam cross-section in the focal
plane [41]. Imaging of the sample was performed by stepwise lateral scanning of the
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Figure 3.16: Detecting other phases. No scattering from out-of-plane intermediate
or PbBr2 phases was detected at the grain boundary region shown in Figure 1h. Left
panel: CCD image of strongest intermediate phase scattering (θ = 15.33◦ , 2θ = 30.67◦ ).
Right panel: CCD iamge of strongest PbBr2 scattering (θ = 16.94 ◦ , 2θ = 33.84◦ ).

sample and recording the diffraction image at each step. CCD images were recorded
using a 0.5 s detector exposure. Simultaneous detection of element-specific X-ray
fluorescence was carried out by a single-element X-ray fluorescence detector, which
allowed for positioning with respect to fiducial markers created on sample surface by
FIB. The MAPbBr3 thin film was rotated to the [002] Bragg diffraction condition with
sample θ = 13.47◦ , detector 2θ = 26.94◦ , and scanned across the region of interest. To
bring tilted regions into Bragg diffraction condition, the same ROI was scanned with
sample θ = 12.86◦ and 14.07◦ . The scattering intensity of the three scans were registered
by the Pb fluorescence map and summed together to show all the [001]-oriented areas
in (Figure 3.16). A very faint background scattered intensity that is apparent at the
grain boundary region is attributed to scattering arising due to the extended X-ray
beam tails that irradiate the nearby grains where the bulk grain is strongly diffracting.
The same ROI was examined when at the Bragg diffraction condition of [002] PbBr2
(sample θ = 16.94◦ , detector 2θ = 33.84◦ ) and an intermediate phase peak (sample θ
= 15.33◦ , detector 2θ = 30.67◦ ). No scattered intensity is detected from out-of-plane
PbBr2 and intermediate phase at the grain boundary region of interest (Figure 3.16).
The focused beam size of the nano-XRD used here is around 50 nm. However, the
horizontal (x) resolution is compromised because of the Bragg angle (∼13◦ ) between
X-ray and sample. So the horizontal (x) resolution is around 200 nm while the vertical
(y) resolution is still 50 nm.
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