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ABSTRACT: Imperfections in organometal halide perov-
skite films such as grain boundaries (GBs), defects, and
traps detrimentally cause significant nonradiative recombi-
nation energy loss and decreased power conversion
efficiency (PCE) in solar cells. Here, a simple layer-by-
layer fabrication process based on air exposure followed by
thermal annealing is reported to grow perovskite films with
large, single-crystal grains and vertically oriented GBs. The
hole-transport medium Spiro-OMeTAD is then infiltrated
into the GBs to form vertically aligned bulk hetero-
junctions. Due to the space-charge regions in the vicinity
of GBs, the nonradiative recombination in GBs is
significantly suppressed. The GBs become active carrier
collection channels. Thus, the internal quantum efficien-
cies of the devices approach 100% in the visible spectrum
range. The optimized cells yield an average PCE of 16.3 +
0.9%, comparable to the best solution-processed perov-
skite devices, establishing them as important alternatives to
growing ideal single crystal thin films in the pursuit toward
theoretical maximum PCE with industrially realistic
processing techniques.

rganometal halide perovskites exhibit great promise for

low-cost and high-efficiency thin film solar cells due to
the relative ease through solution casting to achieve high
degrees of crystallinity," excellent carrier transport propertles,2
tunable optical band gaps, and strong light absorpt1on The
methylammonium lead trihalide perovskites, such as
CH;NH;Pbl; and CH;NH;PbBr;, were initially applied to
develop sensitized liquid junction photovoltaic devices.” The
demonstration of the robust solid state perovskite cells with
power conversion efficiency (PCE) exceeding 9% and long-
term stability® stimulated significant research interests in these
high-performance hybrid perovskites, leading to a high certified
PCE of ~20% in about three years."**” Recent works propose
that the primary energy loss in hybrid perovskite solar cells is
caused by the nonradiative recombination of carriers due to
trap states at grain boundaries (GBs) and surfaces as well as
point defects, such as 1nterst1t1al defects or vacancies, in the
perovskite crystal lattice.”® Therefore, overcoming nonradiative
recombination in perovskite thin film devices has concentrated
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on obtaining large crystallites within films, with low densities of
GBs and 1ntragranular defects,®*? as well as on passivating the
GB defect states.* Ideally, growth of single crystal perovskite
films would completely remove the above-mentioned imper-
fections to suppress energetic disorder and nonradiative
recombination losses, to enable organometal halide perovskite
photovoltaics with PCE approaching the Shockley—Queisser
maxima of ~30%.'° Very recently, millimeter-scale methyl-
ammonium lead trihalide perovskite single crystals have been
developed using a solution method.”"" However, direct growth
of single crystal perovskite thin films on titanium dioxide
(TiO,) coated substrates is very challenging. Additionally, the
conventional solution-based single-step processing is very
difficult to achieve perfect single crystal perovskite thin films
due to the fast chemical reaction between lead iodide (Pbl,)
and methylammonium iodide (CH3;NH;I) precursors that
produces a large quantity of stable CH;NH;PbI, seed clusters.**
These seed clusters tend to nucleate multiple grains during the
crystallization process.

In this work, we grew perovskite thin films with large single
crystalline grains and vertically oriented grain boundaries
through a simple solution-based layer-by-layer spin-coating
method followed by air exposure and thermal annealing
treatments. The GBs were shown to be infiltrated with p-type
doped 2,2/,7,7'-tetrakis[ N,N-di(p-methoxyphenylamine)]-9,9-
spirobifluorene (Spiro-OMeTAD) to form a new type of
vertical bulk heterojunction (BHJ) structure within the
perovskite films as demonstrated by electron energy loss
spectroscopy (EELS) study and electron beam induced current
(EBIC) mapping. These measurements also showed that the
BHJs at GBs can significantly reduce nonradiative recombina-
tion losses as well as enhance carrier collection in the devices.
This approach leads to high performance devices with near
100% internal quantum efficiencies (IQEs) in the visible light
range and high average PCE of 16.3 + 0.9%.

We applied a sequential spin-coating method to fabricate the
Pbl,/CH;NH;I bilayer films in a N,-filled glovebox. The as-
casted bilayer films were initially exposed in ambient air
(humidity of ~30%) during the chemical formation of the
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perovskite layers. X-ray diffraction (XRD) was employed to
examine the chemical reaction between the two precursor
layers (Pbl,/ CH;NH;I) during room-temperature air exposure.
We found that the spin-coated PbL,/CH;NH;I bilayer film
completely converts into a polycrystalline perovskite film after
air exposure for 60 min, as shown by the disappearance of the
Pbl, Bragg peaks (blue XRD pattern in Figure la) and
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Figure 1. (a) XRD patterns of original Pbl, film (blue pattern, top),
Pbl,/CH;NH;I bilayer film air-exposed for 60 min at room
temperature (olive pattern, middle), and thermally annealed perovskite
film for 2 h at 100 °C (red pattern, bottom). An SEM image shows the
surface morphologies of 2 h annealed perovskite film. Inset of (b)
shows the corresponding X-ray pole figure for the (110) plane of the
CH;NH;Pbl; crystal.

appearance of the CH;NH,Pbl; Bragg peaks (olive XRD
pattern in Figure 1a). It is clear from the data that the chemical
reaction of Pbl,/CH;NH;I and crystallization of perovskites
can occur even without thermal annealing to drive
interdiffusion between Pbl, and CH3;NHj;], which may be due
to formation of a more reactive intermediate phase
CH;NH;PbI;-H,O during air exposure at room temperature.12
A subsequent treatment of 100 °C thermal annealing results in
a 2-fold increase in the (110) peak intensity and narrows down
the (110) peak width (red XRD pattern in Figure 1a), which
indicates significantly enhanced crystallinity in air-exposure-
only perovskite films. Scanning electron microscopy (SEM)
imaging shows that grains larger than 2 ym in the lateral
direction are observed after annealing for 2 h (Figure 1b). The
X-ray pole figure measurement was used to probe the global
orientation and crystallographic texture of the perovskite
crystals, which clearly indicates that the grains in 2 h annealed
perovskite films show excellent orientation, as suggested by a
maxima orientation of [110] (the inset of Figure 1b). Ambient-
air exposure is one significant factor to grow large single
crystalline grains, which appear to be larger than the grains in
the nonair-exposure perovskite films (Figure S1).

We then applied the large perovskite grain films, as shown in
Figure 1b, to make solar cells. The typical device yields a short-
circuit current density (Joc) of 21.9 mA/ cm?, an open-circuit
voltage (Vo) of 1.041 V, a fill factor (FF) of 73.5%, and a PCE
of 16.8% (Figure 2a), when measured by sweeping from
forward bias (1.2 V) to reverse bias (—0.2 V). Negligible J—V
hysteresis is observed from this device when scanning from
forward bias (1.2 V) to reverse bias (—0.2 V) and from reverse
bias (—0.2 V) to forward bias (1.2 V), with a 50 ms sweep delay
time, as shown in Figure S2. Nevertheless, a hysteresis emerges
using a longer sweep delay time, such as 800 ms. This result
suggests that the hysteresis is dependent on the sweep delay
time (or scan rate) in our planar heterojunction configuration
devices, which is consistent with that reported by Snaith et al,”®
but opposite to the variation trend observed in mesoporous
TiO, configuration devices reported by Seok et al. ® and
Dualeh et al,,"* where the hysteresis was found to be reduced as
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Figure 2. (a) J—V curve of a device under illumination of 100 mW/
cm® (b) A Gaussian distribution of the ~30 device efficiencies. (c)
External quantum efficiency (EQE) and integrated short circuit
current density (Jsc) versus wavelength. (d) Reflective absorption and
internal quantum efficiency (IQE) versus wavelength. Inset illustration
shows the reflective absorption measurement setup.

the scan rate decreased. The origin of the sweep-rate dependent
J—V hysteresis in our devices may be attributed to two major
theories: (1) trap states within or close to the surface of the
perovskites, which induce the trapping/detrapping process of
charge carriers,”™"> and (2) ion migration in perovskite films
under applied electric fields, such as Pb**, I"."* A Gaussian
distribution of device efficiencies based on ~30 devices is
shown in Figure 2b, with a mean PCE of 16.3 + 0.9%. We also
measured external quantum efficiencies (EQEs) of these
devices. A typical EQE curve was shown in Figure 2c. The
EQE spectrum integration over the AM 1.5 G solar spectrum
(100 mW/cm?) yields a Jsc of ~22 mA/cm?® (Figure 2c), which
is consistent with the Jic obtained from the J—V sweep. To
further examine the IQE, the absorption spectrum was
measured in reflectance, mimicking the light absorption process
in real devices, as depicted in the inset of Figure 2d. It is
remarkable that the IQE, calculated by dividing the EQE by the
reflective absorption, approaches 100% from 450 to 750 nm
(Figure 2d).

IQEs near 100% evidence remarkable carrier generation and
collection efficiencies in our devices. In order to reveal the
origin of the exceptional cell performance, we first investigated
the vertical microstructure of the perovskite film in the devices.
Transmission electron microscopy (TEM) was applied to
image the cross-sectional morphology of the entire device with
architecture (ITO/TiO,/CH;NH,Pbl,/ Spiro-OMeTAD/ Ag).
Large oriented-crystalline grains and vertically aligned GBs
were clearly identified (Figure 3a). Similar crystallographic
orientations along the direction parallel to the substrate were
observed, as shown by two typical selected area electron
diffraction (SAED) patterns acquired in two separate grains
(patterns 1 and 3); Pattern 2 is a superposition of patterns 1
and 3 as the SAED was taken across the GB (Figure 3a). The
lateral size of typical single crystal domains exceeds our
aperture size of 325 nm, which makes electrons -easily
illuminating single crystal regions. To investigate the vertical
single crystal grain size, a smaller SAED aperture with a 180 nm
diameter was inserted and used to acquire a series of very
similar SAED patterns (patterns 4, S, and 6) perpendicular to
the film substrate through the entire ~450-nm-thick perovskite
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Figure 3. (a) Cross-sectional bright field TEM images show vertical
phase morphologies of a device. The inset SAED patterns demonstrate
large single crystal grains in perovskite thin film; Patterns 1—3 (white
dotted circles) and patterns 4—6 (red dotted circles) were taken along
the parallel and perpendicular direction to the ITO substrate,
respectively. (b) An atomic resolution TEM shows a lattice spacing
of 3.17 A.

layer. The results suggest that a single crystal domain crosses
the entire film in the perpendicular direction. An atomic
resolution TEM image (Figure 3b) shows clear lattice fringes
indicating the formation of a crystalline structure with a lattice
spacing of 3.17 A, which could be indexed as (220) of the
tetragonal CH;NH;PbI, phase.' High resolution TEM/SAED
studies clearly show a high degree of crystallinity and a low
density of GBs in our perovskite films, which could be one
reason for excellent carrier generation and collection
efficiencies.

EBIC measurements were further applied to reveal local
electrical properties in single crystal grains as well as vertical
GBs within the active layer. In EBIC, highly energetic electrons
are used to generate several electron—hole pairs in targeted
areas of a semiconductor, which are separated due to internal
electric fields and collected at electrodes. By scanning the
electron beam, EBIC measurements reveal several important
electrical characteristics, such as the presence of internal electric
fields, the location of p—n junctions at the mesoscopic scale,

recombination centers (e.g., grain boundaries), and estimation
of minority carrier diffusion lengths.'” Figure 4a shows a cross-
sectional SEM image and corresponding EBIC image of a
device. The line profiles of the cross-sectional SEM image and
EBIC image are presented in Figure 4b. It is clear from these
data that electrical current is generated throughout the entire
perovskite active layer, which is indicative of p-i-n structure.'®
Moreover, the EBIC signal in the GB region is stronger
compared to the grain regions (Figure 4a). A line profile of
EBIC current across a typical GB between two CH;NH;Pbl,
grains shows that an about 70% higher EBIC current was
measured in the vicinity of the GB with respect to the
surrounding grains (Figure 4c), which implies that the GBs are
active channels for carrier separation and collection rather than
strong recombination regions.

In order to understand the underlying causes of superior
carrier collections in GBs, we need to unveil the presence of
materials in the GBs. Thus, we examined the GBs between
these vertically aligned single-crystalline grains with Z-contrast
scanning transmission electron microscopy (Z-STEM) and
EELS mapping. Figure 4d shows the cross-sectional morphol-
ogy of two CH;NH;Pbl; grains and a vertical GB. Since iodine
is only present in CH;NH;Pbl;, CH;NH;], and Pbl,, and both
carbon and nitrogen are rich in organic material Spiro-
OMeTAD, we thereby acquired EELS mapping images of
iodine (Figure 4e), carbon (Figure 4f), and nitrogen (Figure
4g) atomic areal densities. A magnified GB from a similar
sample and corresponding EELS map images are also shown in
Figure S3. The evidence of poor iodine and rich carbon and
rich nitrogen in GBs compared to the surrounding grains
indicates that the Spiro-OMeTAD is most likely infiltrated in
the boundaries. Moreover, the infiltration of Spiro-OMeTAD in
GBs would form BHJs between perovskite grains and GBs
within the active layer. The enhancement in carrier collection
could be ascribed to BHJs between perovskite grains and p-type
doped Spiro-OMeTAD filled GBs. The space charge regions
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Figure 4. (a) Cross-sectional SEM image (up) and corresponding EBIC image (down) of a device. (b) The corresponding line profiles of the cross-
sectional SEM image (up, red curve) and EBIC image (down, green curve) at the indicated regions as shown in the inset. (c) Line profile of EBIC
current across the GBs between two CH;NH;PbI; grains, which was taken in the location as shown in the inset image. A Z-contrast dark-field STEM
image (d) and corresponding EELS maps (e—g) demonstrate a GB infiltrated with Spiro-OMeTAD between two CH;NH,;PbI, grains. The atomic
areal density elemental maps (e, iodine; f, carbon; and g, nitrogen) show significant rich content of both carbon and nitrogen and poor iodine in

GBs.
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between the CH;NH;Pbl; grains separate photogenerated
electron—hole pairs and suppress the carrier recombination
loss."” The Spiro-OMeTAD filled GB is a good pathway to
allow the holes to travel with less resistance to the device back
contact. Therefore, the remarkable near 100% IQE of our
devices is most likely due to the combination effect of large
single crystal grains and vertical BHJs. Moreover, the
suppressed J—V hysteresis in our devices may result from (1)
reduction of traip density due to growth of large single-
crystalline grains'® and (2) passivation of trap states of the
perovskites by infiltration of Spiro-OMeTAD into GBs.*> We
note that the GBs are only partially infiltrated with Spiro-
OMeTAD. It is thus expected that, with increasing the
infiltration of Spiro-OMeTAD into GBs, the J—V hysteresis
could be further reduced and the Vyc would be further
enhanced to exceed 1.1 V in CH3;NH;PbI; perovskites based
solar cells.

In summary, we have obtained a high PCE of 16.3 + 0.9%
based on perovskite thin films containing large single-crystal
grains and vertical GBs. We have demonstrated the hole
transport medium Spiro-OMeTAD is infiltrated into the GBs to
form vertical BHJs within a perovskite layer to suppress the
recombination loss and enhance carrier collection in the vicinity
of GBs, leading to IQEs approaching 100%. Our approach
presents a facile and important alternative pathway to achieve
the theoretical maximum PCE in hybrid perovskite solar cells.
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