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ABSTRACT: We reveal substantial luminescence yield hetero-
geneity among individual subdiffraction grains of high-performing
methylammonium lead halide perovskite films by using high-
resolution cathodoluminescence microscopy. Using considerably
lower accelerating voltages than is conventional in scanning
electron microscopy, we image the electron beam-induced
luminescence of the films and statistically characterize the depth-
dependent role of defects that promote nonradiative recombina-
tion losses. The highest variability in the luminescence intensity is
observed at the exposed grain surfaces, which we attribute to
surface defects. By probing deeper into the film, it appears that
bulk defects are more homogeneously distributed. By identifying
the origin and variability of a surface-specific loss mechanism that deleteriously impacts device efficiency, we suggest that
producing films homogeneously composed of the highest-luminescence grains found in this study could result in a dramatic
improvement of overall device efficiency. We also show that although cathodoluminescence microscopy is generally used only to
image inorganic materials it can be a powerful tool to investigate radiative and nonradiative charge carrier recombination on the
nanoscale in organic−inorganic hybrid materials.
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Methylammonium lead halide perovskite films have
rapidly become popular as solution-processable active

layers researched for photovoltaic and light-emitting device
applications due to their high luminescence yields and high
device efficiencies.1−7 The impressive efficiency of solar cells
containing methylammonium lead iodide perovskite
(CH3NH3PbI3, MAPbI3) stems in part from a broadband
absorption spectrum and from long exciton or charge carrier
diffusion lengths.8−12 Because electron and hole migration is
critical to device performance, the nanoscale structure of
MAPbI3 thin films is very important.13,14 Though significant
effort is being expended to continue improving MAPbI3-based
photovoltaic device efficiencies through synthetic approaches
and device architecture, more work is needed on correlating
these high device efficiencies to particular physical properties of
the underlying film structure and heterogeneity.15−18 In

MAPbI3, charge transport has appeared to be minimally
reduced by the introduction of only shallow energetic traps
due to the presence of crystal defects.19,20 The degree of
photoluminescence (PL) from MAPbI3 films is directly related
to the nonradiative recombination rate of charge carriers in the
film and has become a metric well-correlated to device
efficiency.21−23 There is, however, no obvious path to
developing film fabrication protocols that significantly improve
on this PL yield. To take the performance of these materials to
the next level will require physical characterizations that
pinpoint the origin of the present limits on device efficiency.
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These limits are likely related to nanoscale variations of the
luminescence yield in the films, which are potentially caused by
defects at the surface and in the bulk of the film.
With resolution much better than that obtainable with optical

microscopy, cathodoluminescence (CL) microscopy has been
used historically to investigate the nanoscale optical properties
of a wide variety of inorganic materials, including semi-
conductors used in photovoltaic applications.24,25 By simulta-
neously detecting secondary electrons and light emission, CL
microscopy can be used to correlate the physical structure of
the material to its local transport and optical properties.26−28

Depending on the accelerating voltages employed, CL
microscopy can also provide information specific to a material
surface or to its bulk properties.24,29−32 As with electron-beam-
induced current (EBIC) measurements16,33 and various
scanning probe force approaches,34−36 CL microscopy has
also enabled the spatial resolution of carrier transport through
integration of electron and near-field optics.37,38 In contrast to
other optical characterization like optical microscopy and
steady state or time-resolved PL, the lateral and axial resolution
of CL microscopy depends only on the extent of electron
scattering within the sample. It thus provides information truly
on the nanoscale in all three dimensions. When imaging with a
diffraction-limited approach, surface and bulk properties can be
convolved within an optical evanescent field or Rayleigh range,
even with two-photon excitation techniques.17 Even higher-
resolution near-field imaging is limited to being sensitive to
within a fixed depth in the sample, which precludes depth
profiling. Yet, imaging with both lateral and axial nanoscale
specificity is important for studying the surface and bulk of
polycrystalline materials like methylammonium lead halide

perovskites, whose individual grains are often smaller than the
diffraction limit of light.
Here, we present the first CL measurements of high-

performing MAPbI3 films with 20 nm spatial resolution, even in
the axial direction, that reveal significant spatial heterogeneity in
the nature of charge carrier recombination therein. Because
MAPbI3 is more delicate than the typical inorganic materials
investigated with CL microscopy, the only previous CL of
MAPbI3 materials has been limited to ensemble spectral
measurements of nanowires39 and nanoparticles.40 To mitigate
the effect of sample damage by the electron beam, we employ
far lower accelerating voltages (between 1.5 and 5.0 kV) than
are used in typical scanning electron microscopy (SEM). By
collecting dual SEM and CL images, we correlate the emitted
light to the morphology of the film, and by varying the
accelerating voltage we also obtain depth-dependent informa-
tion. At 5.0 kV, the generation volume of electron−hole pairs
(EHPs) in the MAPbI3 film attains a depth comparable to the
distance penetrated by visible light due to the material
absorbance; at 1.5 kV, the generation volume of EHPs is
restricted to the film surface. By analyzing the resulting high-
resolution CL maps of these films, we infer that nonradiative
recombination rates among grains are variable, despite reports
that device performance is defect-tolerant and that this
variability is most significant at the film surface. Our
measurements thus uniquely reveal the differences between
surface and bulk trap density distributions. They also suggest
that device efficiencies could be significantly improved by
optimizing the entire film so that it performs as well as the
highest performing grains that we have observed. This could be

Figure 1. A schematic of the methylammonium lead halide perovskite film deposited on a typical device substrate is shown along with a depiction of
excitation by the electron beam and light collection with the parabolic mirror (a). A secondary electron (SE) cross-section of a completed device
shows the thickness and composition of each layer (b). A SE image of a large area of the film shows an average grain size of approximately 200 nm
(c). An example I−V curve shows a device efficiency of 12.8% (d). The CL spectrum at 1.5 kV and photoluminescence spectrum are similar (e).
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accomplished through targeted elimination or passivation of the
most deleterious surface traps.
In this study, we focus on MAPbI3 perovskite films solution-

cast using methylammonium iodide and lead iodide (PbI2)
precursors prepared according to the solvent engineering
approach first demonstrated by Jeon et al.41 Because the film
morphology and electronic properties of MAPbI3 can depend
greatly on the properties of its substrate,14,42 we study MAPbI3
deposited on a typical substrate used for photovoltaic devices,
consisting of layers of TiO2, fluorine-doped tin oxide (FTO),
and glass, as shown in Figure 1a. We chose this substrate to
ensure that the film morphology studied with CL is identical to
that found in a functional MAPbI3-based solar cell, shown in
cross-section in SEM in Figure 1b. The average film thickness,
as determined by this SEM section, is ∼250 nm and the surface
roughness is 18.1 nm (Supporting Information Figure S1) as
determined by atomic force microscopy (AFM). A traditional
SEM micrograph taken by rastering the electron beam over the
film surface in Figure 1c demonstrates that the films are highly
continuous over their entire extent with average grain diameters
of ∼200 nm. Films made with the same deposition parameters
and on the same substrates as those studied with CL
microscopy produced photovoltaic cells with 12−13% power
conversion efficiencies, as shown in Figure 1d. Additional

device data is included in Supporting Information Table S1.
Any presence of PbI2 in the MAPbI3 film was below our
detection limits, as confirmed by the absence of PbI2 peaks in
the X-ray diffraction data (Supporting Information Figure S2)
and by the absence of a peak at 510 nm in both PL and CL
spectra (Supporting Information Figure S3). Figure 1e
illustrates that the films’ PL and CL spectra are virtually
identical, which shows that the CL obtained at low accelerating
voltages does not alter the optical properties of the film.
Increasing the accelerating voltage results in a slight spectral
broadening and a blueshift of the CL spectrum peak
(Supporting Information Figure S3). Spectral shifts of similar
or greater magnitude have been observed in electrolumines-
cence measurements7 and between PL spectra measured at low
and high excitation fluence.43

Dual secondary electron (SE) and CL maps obtained in
three similar nearby regions of interest in the film presented in
Figure 1b are shown in Figure 2a−f. SE and CL images at 1.5,
3.0, and 5.0 kV electron beam accelerating voltages were
obtained by rastering the electron beam over the film with a
dwell time of less than 10 μs per pixel at a beam current of
∼300 pA. Each pixel is approximately 19.5 nm on a side. In
tandem with typical SE collection, light emitted by the film was
captured by a focused, high-numerical-aperture parabolic mirror

Figure 2. SE images of the top surface of methylammonium lead halide perovskite films are shown at 1.5 (a), 3.0 (b), and 5.0 kV (c). CL images
corresponding to the same regions of interest also shown at 1.5 (d), 3.0 (e), and 5.0 kV (f). Line-cuts across a larger region of interest than shown in
panels a−f are displayed at 1.5 (g), 3.0 (h), and 5.0 kV (i). The mean values and standard deviations for these 1.5, 3.0, and 5.0 kV line-cuts are 6.9
and 4.2 MHz, 9.8 and 3.4 MHz, and 4.2 and 2.6 MHz, respectively.
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above the sample and was detected by a photomultiplier tube
(PMT). The absolute brightness of the CL can be compared
within an image but not between images obtained at different
accelerating voltages. This is because deeper generation
volumes in the film at the higher accelerating voltages can
increase the extent of luminescence reabsorption or of
luminescence quenching from the underlying TiO2. Further-
more, changing the accelerating voltage requires refocusing of
the parabolic mirror, which results in a somewhat different light
collection efficiency in each of the CL maps in Figure 2d−f.
Under any particular set of imaging conditions the carrier
density generated by the electron beam is the same at each pixel
location to within the shot noise of the electron beam. Because
the electron beam creates a collection of EHPs that
subsequently diffuse or dissociate in the material and the
resulting emission is collected in the far-field, the CL intensity
at a given pixel is proportional to the amount of radiative
recombination that occurs anywhere in the film as a result of
EHP creation in the nanoscale generation volume.
The SE images in Figure 2a−c appear quite similar in that

the shape and size of the grains does not change noticeably as
the accelerating voltage is increased from 1.5 to 3.0 to 5.0 kV.
On the other hand, each of the corresponding CL images
(Figure 2d−f) shows distinct features compared to the other
images. Most strikingly, the contrast in intensity is very high at
1.5 kV (Figure 2d) and decreases dramatically as the
accelerating voltage is increased. Though the spatial resolution
of the images depends on the accelerating voltage, as elaborated
below, the resolution at each accelerating voltage is generally
much smaller than the size of an individual grain. The white
squares in each SE and CL panel are intended to aid in
comparing the SE and CL in example areas of the images,
though similar comparisons can be drawn throughout each
image, a magnified example of which is shown in Supporting
Information Figure S4. At both 1.5 and 3.0 kV, the CL images
(Figure 2d,e, respectively) correlate strongly to the correspond-
ing SE images respectively in Figure 2a,b. Specifically, the grain
shapes observed in SE are reproduced in CL and the interfaces
between grains are generally dark. At 1.5 kV, the average CL
intensity per grain varies dramatically over the film, yet the CL
intensity corresponding to any given grain is quite uniform at
all of the accelerating voltages employed (Supporting
Information Figure S4). The variations in CL intensity of
different grains are more pronounced at 1.5 than at 3.0 and 5.0
kV. At 5.0 kV, Figures 2c and f show a significant but lesser
degree of correlation to one another, and the CL image in
Figure 2f is significantly more uniform compared to all other
CL images in the figure. To underscore one of the major
distinctions between the CL images in Figure 2d−f, CL scans
over a single line of pixels from a larger region of interest than
shown in Figure 2a−f are plotted in Figure 2g−i. While at 5.0
kV the CL intensity is somewhat uniform (Figure 2i), there are
greater excursions from a base level at 3.0 kV (Figure 2h) with
each excursion corresponding to crossing one or more
individual grains. The excursions from the base level at 1.5
kV (Figure 2g), representing scans across brighter grains, are
even more significant and are also more variable in height with
the highest being more than four times as bright as the dimmest
grains.
To complement the depth-dependent CL images measured

by scanning the electron beam over the film surface with
increasing accelerating voltage, we present in Figure 3 dual SE
and CL images of a cross-section of a fully assembled device,

acquired at 3.0 kV. Though grain boundaries cannot be directly
identified in the SE image (Figure 3a), they are revealed as dark
lines between domains in the CL image (Figure 3b).
Importantly, the cross-section also reveals that there are no
more than two grains stacked on top of one another within the
entire thickness of the film.
We note briefly that care was taken to minimize damage to

the film during imaging. Each region was scanned at a
maximum speed (5 ms/line) and was imaged only once. As
shown in Figure 1e, the CL spectrum measured at 1.5 kV is
very similar to the PL spectrum. Supporting Information Figure
S3 shows how the CL spectrum changes as the accelerating
voltage is further increased and demonstrates that the shifts that
we induce are much smaller than the shift and distortion of the
CL spectrum measured at a more typical characterization
voltage of 15 kV. Furthermore, the small shift that we observe is
similar to those observed between electroluminescence and PL
spectra7 and between PL spectra measured at low and high
excitation fluence.43 Although measuring the PL decay kinetics
or the device efficiency after electron beam exposure would in
principle confirm the limits that we impose on film damage, the
areas irradiated by the electron beam comprise such a small
fraction of the film that we do not anticipate that these
irradiated areas can detectably contribute to such metrics. As a
control experiment, the CL images in Supporting Information
Figure S5 were obtained under identical conditions to those in
Figure 2 apart from the fact that an electron beam current ∼7.5
times smaller was used (see Supporting Information Table S2
for beam currents). These images demonstrate similar findings
aside from the lower signal-to-noise ratio that results from shot
noise when employing a smaller beam current. Additionally, we
compute that our imaging conditions are performed with a
deposited energy per pixel somewhere between 100 and 3600
times smaller than that employed in convention SEM
characterization (see Supporting Information). It is thus not
surprising that SE images of a larger field of view obtained after

Figure 3. (a) Secondary electron (SE) and (b) corresponding
cathodoluminescence (CL) image of a cross-section of a photovoltaic
device with a methylammonium lead halide perovskite active layer.
The images were acquired at 3.0 kV with the exact same conditions as
in Figure 2. The white dotted lines were added as a guide to the extent
of the MAPbI3 layer in both the SE and CL images.
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our dual CL and SE measurements show no visible signs of
damage from the original measurement.
We next seek to explain the surprising finding that the CL is

uniform within individual grains, yet not among a population of
nearby grains in the MAPbI3 films. To do so, we first consider
the location and extent of carrier generation volumes at
different accelerating voltages by using Monte Carlo
simulations.44 We find that employing a range of accelerating
voltages allows us to obtain depth-dependent information on
individual crystal grains, which we can then relate to surface and
bulk carrier traps in the film. Second, we analyze and interpret
the distribution of grain CL intensity as a function of
accelerating voltage, and hence as a function of the location
and size of the carrier generation volume. From this we deduce
that surface defects are primarily responsible for the large
variation in grain CL brightness observed at low accelerating
voltages. We propose that addressing the source of this
variation is likely to enable a significant increase in solar cell
power conversion efficiency and potentially in the performance
of other devices that use MAPbI3 active layers.
To determine the depth and lateral extent in which EHPs are

generated in the sample by the electron beam at the three
accelerating voltages used in this study, we performed Monte
Carlo simulations44 of the scattering of the electron beam in a
MAPbI3 film. The density of EHPs generated during imaging is
proportional to the density of energy deposited in the film by
the electron beam.17 We represent the results of the simulations
in two different ways in Figure 4. First, the contours in Figure
4a−c show a transverse cross section of the volumes in the film
in which 25%, 50%, 75%, 90%, and 95% of the electron energy
is deposited at 1.5, 3.0, and 5.0 kV, respectively. Taking the

75% contour as a guide, we find that the transverse extent of
the generation volume at 1.5 kV is no more than 20 nm and
that it is no more than 30 nm deep, though the energy density
is strongly peaked much closer to the surface. At 3.0 kV, the
transverse extent is no more than 30 nm and the depth is no
more than 60 nm, though the density is also greatest in the 20
nm closest to the surface. At 5.0 kV, the transverse extent is
roughly 40 nm, and the depth is around 100 nm, though the
highest density region extends down to about 40 nm below the
surface. The curves in Figure 4d trace the total energy
deposited in the film as a function of depth, integrating over the
lateral dimension, which further aids in determining at which
depth in the film the EHPs are primarily generated prior to
migration and recombination. They corroborate that the most
energy is deposited only a few nanometers from the film surface
at 1.5 kV (blue) and that it is peaked approximately ∼20 nm
from the surface at 3.0 kV (orange). By contrast, at 5.0 kV
(yellow) the energy deposition is roughly uniform down to a
depth of ∼100 nm, which is comparable to the depth over
which visible light is primarily absorbed. While the depth-
dependent information from the Monte Carlo simulations
indicates that probing at 5.0 kV involves probing primarily in
the bulk of the film, it also shows that a 1.5 kV accelerating
voltage is highly surface-specific and that the intermediary 3.0
kV includes both surface and bulk contributions. The lateral
resolution in the imaging is dictated by the corresponding
extent of the generation volumes in Figure 4a−c and shows that
the EHP generation volumes at all accelerating voltages used
are significantly narrower than a typical domain diameter.
To interpret the CL images of the MAPbI3 film in Figure 2

and to explain the differences between them, we statistically

Figure 4. Monte Carlo simulations of electron scattering within the methylammonium lead halide perovskite film reveal the width and depth profile
of energy deposited in the film at 1.5 (a), 3.0 (b), and 5.0 kV (c). Contours of the percentage of energy deposited are plotted, which correspond to
25% (yellow), 50% (green), 75% (blue), 90% (light blue), and 95% (mauve). To compare the depth of EHP generation in the film at each
accelerating voltage, the energy deposition profile is plotted for 1.5 kV (blue), 3.0 kV (orange), and 5.0 kV (yellow) (d). The simulations assume an
infinitely thick film of MAPbI3.
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characterize the distribution of average CL intensity of the
grains at each accelerating voltage. We observe remarkable
differences between the distribution of grain intensities
obtained at 1.5, 3.0, and 5.0 kV, which result from the EHP
generation volume shifting deeper into the bulk of the film as
the accelerating voltage is increased. To generate the
histograms of the average intensity per domain shown in
Figure 5, we first identify the boundaries between grains in the

SE images. Using the boundaries found from the SEM image,
we then compute the average CL counts of each domain and
then determine the frequency with which each average domain
intensity is observed for each accelerating voltage. To gather
the most significant statistics, we include all domains in the full
scan range obtained at each accelerating voltage whose area is
approximately four times greater than the areas plotted in
Figure 2a−f. At 1.5 kV, the distribution is heavily skewed, as
shown in Figure 5a (skewness 1.14; kurtosis 4.34). Although
the distribution is peaked at relatively low intensities, it has an
extended high-intensity tail. By contrast, the grain CL
intensities at 5.0 kV appear to follow a nearly normal
distribution, as shown in Figure 5c (skewness 0.31; kurtosis
2.99). At the intermediate accelerating voltage of 3.0 kV, the
distribution of intensities in Figure 5b is distorted only slightly

from a normal distribution (skewness −0.07; kurtosis 3.14).
The distribution of grain intensities observed at 1.5 kV is
qualitatively distinct from those observed at the higher
accelerating voltages, which presumably correlates to the
location and shape of the distribution of EHPs generated by
the electron beam in each of the three cases illustrated with the
Monte Carlo simulations of Figure 4.
We considered multiple possibilities for the physical origin of

the differences between the distributions of grain CL intensities
at low and moderate accelerating voltages. First, we note that
the CL brightness of a grain is not correlated to the size of the
exposed grain surface area, as illustrated in the scatter plots in
Supporting Information Figure S6. Second, we note that the
normal distribution observed at 5.0 kV is unlikely to be caused
by averaging over multiple grains. At 5.0 kV, the extent of
energy deposition in the film is laterally smaller than an average
grain. The cross section of the film in Figure 3 indicates that the
depth of the energy deposition is generally limited to a single
grain, or to two at most. In fact, even by deliberately and
extensively pixelating the CL map obtained at 1.5 kV in Figure
2d beyond the extent of several grains, it is not possible to
recreate a normal distribution from the resulting, blurred out
grain CL intensities (Supporting Information Figure S7). We
suggest instead that the differences between the distributions of
grain CL intensities at the different accelerating voltages stem
from changes in the depth of the EHP generation volume as the
accelerating voltage is increased, as opposed to from changes in
the lateral extent of the generation volume. By varying the
depth of the EHP generation volume, we are uniquely able to
consider the different natures of both radiative and nonradiative
EHP recombination at the film surface and in the bulk.
To explain how the relative depth of the electron beam

energy deposition could greatly affect the shape of the grain CL
intensity distribution, we focus again on the CL maps presented
in Figure 2. As the electron beam scans over the sample, it
generates a relatively uniform number of EHPs at each pixel.
SEs and photons from the sample are collected and correlated
to the nanoscale spot at which the electron beam was incident,
even if the generated charge carriers have migrated elsewhere
and recombined outside of the generation volume. In the
MAPbI3 films studied here, the lateral uniformity of
luminescence within grains thus indicates that no matter
where, laterally, the EHPs are created in an individual grain, the
resulting photon yield is similar. In other words, our finding of
uniform CL within grains that have an average diameter of
∼200 nm (much larger than the CL charge carrier generation
volume) can be attributed to a lateral uniformity in the defect
distribution within the grain. The distinction between the CL
intensity collected when exciting within a given domain and
that collected when exciting its neighbors furthermore suggests
that the carriers in these MAPbI3 films do not travel much
beyond their domain of origin. Looking in more detail at the
variation in CL among grains, we posit that brighter domains
correspond to locations where generating charge carriers results
in comparatively low nonradiative recombination rates. On the
other hand, dimmer grains (or the very dim grain boundaries
themselves) correspond to locations where generating charge
carriers results in comparatively high nonradiative recombina-
tion, presumably at trap sites. Therefore, by implicitly
correlating the nanoscale optical properties to local charge
transport, the CL maps provide an unprecedented high-
resolution view of the variations in the density of traps
among grains in these solution-cast polycrystalline films with

Figure 5. Histograms of the average intensity per domain are plotted
for 1.5 (a), 3.0 (b), and 5.0 kV (c).
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spatial resolution that complements bulk admittance spectros-
copy. These variations are especially apparent when carriers are
generated at the film surface.
In considering the density of traps and its inverse correlation

with grain CL intensity, we distinguish between surface and
bulk traps. They arise due to qualitatively different types of
defects whose densities are independent of one another. For
example, bulk defects have previously been attributed to iodine
interstitials,45 disorder in methylammonium orientations,46 and
to vacancies of each of the species in the lattice,47 especially to
iodine vacancies.48 The bulk defect density is therefore likely
independent of grain orientation, whereas the surface defect
density, which depends on surface decomposition,49 roughness,
and low-coordination or dangling I− bonds50 or noncoordi-
nated Pb2+ that are sensitive to their environment22,51 could be
extremely variable as a function of which crystal facets are
exposed and of their corresponding surface states and work
functions. Considering the ensemble of grains in the film, the
distributions of facets exposed at the surface is mostly random
due to a randomization in the orientation of crystallite nuclei
on the TiO2 during the solution casting process.
On the basis of these differences in surface and bulk defect

densities, we interpret the distributions of grain brightness in
Figure 5 as the accelerating voltage is increased. According to
the Monte Carlo simulations, at 1.5 kV more than 80% of EHPs
are generated within 25 nm of the surface, and EHPs or free
carriers generated at the surface are more likely to diffuse near
the surface than those generated deeper in the film because the
radial density gradient of energy deposition in Figure 4a is
much greater than the axial one. The large variation in grain
brightness results primarily from a large variation in exposed
facet orientation and in the corresponding rates of surface
trapping and the resulting nonradiative recombination. Despite
reports of preferential (110) in-plane orientation and of
improved power conversion efficiency resulting from treat-
ments that further bias the grain orientational distribution
toward this facet being exposed,1,2,33,52−56 the highest
frequencies in the histogram in Figure 5a occur for the
dimmer, not brighter, CL intensities. At an accelerating voltage
of 3.0 kV, carriers are introduced at the film surface and down
to a depth of ∼60 nm (Figure 4b) with 35% generated within
25 nm of the surface. The corresponding CL map in Figure 2e
presumably shows a combination of surface-associated and bulk
CL and is thus sensitive to both surface and bulk traps. The
lesser variation observed in the histogram of grain intensities at
3.0 kV in Figure 5b compared to the histogram at 1.5 kV
(Figure 5a) would then be the result of decreasing the overall
grain brightness variability by including, in a single histogram,
the contributions arising from the bulk (∼65%) and the surface
(∼35%) recombination. At an accelerating voltage of 5.0 kV,
the fact that the carriers are generated as deep as the ∼100 nm
penetration depth of visible light into the film leads to the
domination of the bulk contribution (∼85%) to grain CL
intensity over any surface contribution. (See Supporting
Information for further analysis of the relative contributions
to surface and bulk CL as a function of accelerating voltage.)
For completeness, we note also that directing the electron
beam at the interfaces between grains generates low CL at 1.5
and 3.0 kV, implying that the interfaces consist primarily of
either nonradiative traps or of narrow voids between domains.
Last, we note that populating a significant fraction of traps
would decrease the observed variation in CL intensity from
grain to grain57 by extending the mean free path of untrapped

carriers. Populating a significant fraction of traps requires
achieving sufficiently high carrier densities in the generation
volume, obtained at either lower accelerating voltages (Figure
4) or higher beam currents. Such saturation effects do not
therefore contribute to the decrease in CL contrast among
domains as the accelerating voltage is increased in Figure 2,
which we have instead attributed to the relative proportions of
surface and bulk generation volumes. Saturation effects do,
however, provide an explanation for our observations as a
function of beam current. Higher carrier densities would, for
example, diminish the relative contribution of the surface-
specific luminescence distribution at 3.0 kV, where a similar
amount of EHPs are generated at the surface and in the bulk. In
particular, as the surface traps begin to saturate, the
luminescence variation from grain to grain would be
diminished. The CL images taken at 3.0 kV with two different
beam currents (Figure 2e and Supporting Information Figure
S5e) support this hypothesis in that the intensity distribution
measured at the lower current appears more highly varied (see
Supporting Information Figure S5 and accompanying text).
In sum, applying CL microscopy to MAPbI3 films has

enabled us to directly observe their nanoscale optical properties
and to infer charge carrier transport and trapping behavior on
similar scales. There are multiple implications of our findings
that could not have been surmised by using any typical optical
or electro-optical approach. First, in the context of photovoltaic
devices, high carrier mobilities within the active layer are
important to ensure that as many photogenerated EHPs as
possible can be collected to do useful work. Because our CL
measurements are sensitive to the luminescence of the MAPbI3
film induced through carrier generation in subdomain volumes,
we have established, by directly observing uniform CL within
individual grains in the polycrystalline film, that each of the
bulk and surface mobilities and trap densities are relatively
homogeneous within individual domains. Mobilities measured
in large volumes over several grains should be considered as
average quantities that may not accurately represent underlying
microscopic physical processes, especially when these processes
are dominated by surface effects. Second, the resolution of CL
with subdomain precision enables us to unequivocally
demonstrate that the luminescence yield even in high-
performing MAPbI3 films is highly variable among grains.
The variability in luminescence and hence in nonradiative
recombination rates observed among grains indicates that there
is significant room for improvement in the efficiency of
photovoltaic devices using these materials despite the prevailing
notion that MAPbI3 films are defect-tolerant and that trapping
does not significantly affect device performance.58,59 Clearly, if
every grain’s luminescence yield could be brought up to the
level of that of the brightest grains, the overall yield could
potentially improve between 2- to 4-fold. Because PL is often
used as a proxy for device efficiency,21−23 such improvements
could potentially aid in reaching the thermodynamic efficiency
limit. Third, the depth sensitivity of our CL microscopy
provides an unprecedented means to isolate and compare
surface and bulk transport and recombination processes in
MAPbI3 films. The fact that the highest CL variability among
grains is observed at the surface of the films indicates that
surface trap densities can span a very large range of values.
Having identified this variability, we suggest that addressing the
nature of the surface states in these films could be the single
most important approach to improving device uniformity and
efficiency. This is because the device current is ultimately
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limited by conduction through the film surface despite its
propensity to either trap or excessively scatter carriers. Our
finding also suggests why it has been more challenging to
fabricate transistors,60 as opposed to optoelectronic devices,
with this material where surface trapping deleteriously affects
electrostatic modulation. As a result, when developing
approaches to control surface trapping, CL microscopy will
continue to be an invaluable diagnostic.
Methylammonium metal halide perovskite materials have the

potential to be truly viable low-cost, low-temperature solution-
processable alternative to conventional photovoltaic and light-
emitting technologies. They have thus received a great deal of
focus in the device optimization community, although the
underlying physical underpinnings of their function still present
many mysteries. It has been challenging to determine clear
metrics that correlate to the resulting device efficiencies and
appropriate diagnostic measurements that reveal such correla-
tions that can veritably be used to predict device efficiencies.
The design rules for effective film morphologies and the
protocols required to follow such design rules must largely still
be established. We have, however, successfully implemented CL
microscopy in these organic−inorganic materials to reveal
significant and unexpected heterogeneities in film properties
and performance and to pinpoint their physical origins. Using
its unique combination of lateral and axial nanoscale resolution
in EHP generation, we have uncovered missing correlations
between morphology and performance, and we have suggested
a focus for further optimization strategies as a result. In the
future, CL microscopy will be invaluable for diagnosing the
optical, transport, and trapping properties of these and other
organic−inorganic hybrid electronic materials as a function of
solution casting approaches, precursors used, and passivation
tactics. For example, the role of chlorine in optimizing film
quality1,4,18,61 is ripe to be explored in this fashion.
Furthermore, combining CL microscopy with other physical
spatially resolved measurements, including time-resolved
luminescence imaging or CL-activated imaging,62,63 is bound
to amplify the ability to direct material design in these and
many other organic−inorganic hybrid electronic materials that
have not generally been measurable using typical electron beam
illumination.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information contains methods, AFM images of
the topography of the film, additional data relating to device
performance, XRD data of the methylammonium lead halide
perovskite films, film CL spectra, a higher magnification region
of SE and CL images, beam currents used, low current CL
images of the methylammonium lead halide perovskite films, a
calculation comparing energy deposition in the film under our
imaging conditions compared to conventional SEM measure-
ments, scatter plots relating the grain size to grain brightness at
1.5, 3.0, and 5.0 kV, and an analysis of the lateral extent of the
generation volume in the film and the corresponding EHP
generation densities with regard to trap saturation. The
Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.nano-
lett.5b01917.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: nsginsberg@berkeley.edu.

Author Contributions
C.G.B. and N.S.G. designed the research. E.M.S. fabricated the
TiO2/FTO/glass device substrates, deposited the methylam-
monium lead halide perovskite films, and did all of the device
characterization. C.G.B acquired all cathodoluminescence data
and performed Monte Carlo simulations. J.T.P. collected AFM
data of the films. J.M.L. measured XRD data and provided
guidance regarding the perovskite film deposition and device
characterization. C.G.B. and N.S.G. wrote the manuscript and
all authors revised and approved the manuscript.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

J.M.L. received support through the Laboratory Directed
Research and Development program at NREL. Department
of Energy funding was provided to NREL through contract DE-
AC36-08G028308. E.M.S. acknowledges a NASA Space
Technology Research Fellowship. We thank B. To for SEM
cross section imaging in Figure 1b. CL characterization was
supported by a David and Lucile Packard Fellowship for
Science and Engineering to N.S.G. CL and PL at the Lawrence
Berkeley Lab Molecular Foundry were performed as part of the
Molecular Foundry user program, supported by the Office of
Science, Office of Basic Energy Sciences, of the U.S.
Department of Energy under Contract No. DE-AC02-
05CH11231. We are grateful to D. F. Ogletree and S. Aloni
at the Molecular Foundry for their ongoing sharing of CL
equipment, experience, and advice. C.G.B. acknowledges an
NSF Graduate Research Fellowship (DGE 1106400) and
N.S.G. acknowledges an Alfred P. Sloan Research Fellowship.

■ REFERENCES
(1) Lee, M. M.; Teuscher, J.; Miyasaka, T.; Murakami, T. N.; Snaith,
H. J. Science 2012, 338, 643−647.
(2) Ball, J. M.; Lee, M. M.; Hey, A.; Snaith, H. J. Energy Environ. Sci.
2013, 6, 1739.
(3) Burschka, J.; Pellet, N.; Moon, S.-J.; Humphry-Baker, R.; Gao, P.;
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