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ABSTRACT: Single crystal reflects the intrinsic physical
properties of a material, and single crystals with high-
crystalline quality are highly desired for the acquisition of
high-performance devices. We found that large single
crystals of perovskite CH3NH3PbI3(Cl) could be grown
rapidly from chlorine-containing solutions. Within 5 days,
CH3NH3PbI3(Cl) single crystal as large as 20 mm × 18
mm × 6 mm was harvested. As a most important index to
evaluate the crystalline quality, the full width at half-
maximum (fwhm) in the high-resolution X-ray rocking
curve (HR-XRC) of as-grown CH3NH3PbI3(Cl) single
crystal was measured as 20 arcsec, which is far superior to
so far reported CH3NH3PbI3 single crystals (∼1338
arcsec). The unparalleled crystalline quality delivered a
low trap-state density of down to 7.6 × 108 cm−3, high
carrier mobility of 167 ± 35 cm2 V−1 s−1, and long
transient photovoltaic carrier lifetime of 449 ± 76 μs. The
improvement in the crystalline quality, together with the
rapid growth rate and excellent carrier transport property,
provides state-of-the-art single crystalline hybrid perovskite
materials for high-performance optoelectronic devices.

O rganic− inorganic hybrid perovskites such as
CH3NH3PbX3 (X = I, Br, Cl) have been deemed as strong

candidates for solution processed semiconductor devices.1

Recently, one major finding was reported that single crystal of
CH3NH3PbI3 (MAPbI3) demonstrated much lower trap-state
density of about 1010 cm−3 and longer carrier diffusion length
(exceeding 175 μm) than those of MAPbI3 polycrystalline films
(∼1015 cm−3 and ∼100 nm, respectively).2,3 Since then
increasing attention has been attached to single-crystalline
perovskites and a new generation of optoelectronic devices,
such as photodetectors,4 X-ray detectors,5 and solar cells,6 have
been demonstrated based on single-crystalline hybrid perov-
skites.
High crystalline quality of a single-crystalline semiconductor

material is crucial to both commercial applications and scientific
investigations because it highly affects the key parameters such as
trap-state density and charge transport property.2,7 However, it is
particularly challenging to obtain commercially desired single
crystal materials with a combination of large size, rapid growth

rate, and high crystalline quality. In order to grow large single
crystals of MAPbI3, great efforts have been made. Our group,4

Tao’s group,8 and Huang’s group2 adopted solution temper-
ature-lowering (STL) methods to grow centimeter-sized
MAPbI3 single crystals. However, such methods seem to be
time-consuming (typically 2−4 weeks to obtain one-centimeter-
sized crystals).4,8 Subsequently, rapid inverse temperature
crystallization (ITC) methods were proposed. Saidaminov and
co-workers realized rapid crystal growth and prepared ∼5 mm-
in-length MAPbI3 single crystals within only 3 h.

9 Liu et al. grew
the largest MAPbI3 crystal so far (two-inch in size) by using the
ITC method, showing an inviting vista of commercialization.10

Unfortunately, it was observed that single crystals grown from
the ITC method suffered from solvent corrosion, leading to
degenerated crystalline quality.11,12 Furthermore, so far few
studies have focused on the crystalline quality of perovskite single
crystal materials as much as the growth rate and size, yet high
structural perfection inMAPbI3 bulk crystals is still lacking.

13 For
instance, as an important index to evaluate the crystalline quality
of single crystal, the full-width at half-maximum (fwhm) of X-ray
diffraction rocking curve (XRC) of MAPbI3 (measured as∼1338
arcsec),10 is far inferior to some familiar semiconductor bulk
crystals, such as SiC (27 arcsec),14 AlN (72 arcsec),15 and GaN
(90 arcsec).16

Regarding the preparation of perovskite polycrystalline films, it
was usually observed that chlorine incorporation into the
precursor resulted in more continuous films of better quality.17

Snaith and co-workers applied the mixed halide perovskite with
the general formula MAPbI3−xClx to planar heterojunction
perovskite solar cells, showing high solar-to-electrical power
conversion efficiency (PCE) of over 15%.18 The mixed halide
perovskite MAPbI3−xClx was demonstrated to possess a
substantially longer carrier diffusion length exceeding 1 μm.19

Thereafter, the mixed halide perovskite MAPbI3−xClx has
attracted a huge amount of research interest and has improved
PCE of solar cells up to nearly 19%.20 Accumulative efforts
pointed to the conclusion that chloride incorporation governed
the morphology evolution and crystallinity in the polycrystalline
perovskite absorber, therefore improving device perform-
ance.20,21
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We were thus inspired to grow high-quality MAPbI3(Cl) large
single crystals by employing chlorine to mediate the solution
growth process. Benefited from the chlorine promoters, the
growth rate was improved dramatically. We obtained large
MAPbI3(Cl) single crystal of 20 mm × 18 mm × 6 mm within 5
days (Figure 1). Its mirror-like smooth surface was observed

under a microscope. For comparison, we also grew MAPbI3
single crystals from chlorine-free systems by using aforemen-
tioned STL method (namely: bottom seeded solution growth,
BSSG) and ITC method,4,8−10 and marked them as MAPbI3@
STL and MAPbI3@ITC, respectively (Figure S1, Supporting
Information).
Rietveld structural refinement confirmed the space group I4/

mcm (140) of as-grown MAPbI3(Cl) at room temperature
(Figure S2, Supporting Information). The X-ray 2θ scan on the
maximal (100) facet of MAPbI3(Cl) shows only (200) and (400)
diffraction peaks, suggesting good single crystalline quality
(Figure S3, Supporting Information). To evaluate the crystalline
quality, as shown in Figure 2, we performed high-resolution XRC
of the (400) diffraction andmeasured an unprecedented fwhm of
20 arcsec in as-grown MAPbI3(Cl), which is less than MAPbI3@
STL (∼35 arcsec) and far better than MAPbI3@ITC (∼225
arcsec). It is worth emphasizing that the measured record-high

fwhm demonstrates the ultrahigh structural perfection in these
as-grown MAPbI3(Cl) single crystals, which is superior to a wide
array of established inorganic single crystalline semiconduc-
tors.14−16

To investigate the trap-state density ntrap and estimate the
carrier mobility μ (μ = μp ≈ μn, where μp and μn are the hole and
electron mobility, respectively) of as-grown MAPbI3(Cl) single
crystals, we measured the dark current−voltage (I−V) traces
according to the space charge-limited current (SCLC) model
(Figure 3).2,7 With the increasing bias voltage, the current I

increased from the linear Ohmic region, through a trap-filled
limit (VTFL), then eventually to the quadratic Child’s region, as
shown in Figure 3a. MAPbI3(Cl) single crystals exhibit a higher
carrier mobility of 167 ± 35 cm2 V−1 s−1 and much lower trap-
state density of (1.80± 1.07) × 109 cm−3, followed byMAPbI3@
STL (121 ± 20 cm2 V−1 s−1 and (3.82 ± 1.06) × 109 cm−3) and
then MAPbI3@ITC (74 ± 12 cm2 V−1 s−1 and (5.95 ± 1.77) ×
109 cm−3), where the uncertainty represents the standard
deviation. Consistent with the high-resolution XRC measure-
ment results, the MAPbI3(Cl) single crystals demonstrate fewer
trap states. It is thus deduced that the improvement on crystalline
perfection improves the charge carrier transport property. Note
that the significantly reduced trap-state density in as-grown high
crystalline quality MAPbI3(Cl) (∼109 cm−3 in average and with
the best of 7.6 × 108 cm−3) is an order of magnitude lower than

Figure 1. (a) Photograph of seed-induced-grown MAPbI3(Cl) bulk
single crystal with the dimension of 20 mm × 18 mm × 6 mm. (b)
Photograph of MAPbI3(Cl) bulk single crystal incubated in the solution
at room temperature. (c) Microscopic image for (100) facet of as-grown
MAPbI3(Cl) bulk single crystal.

Figure 2. High-resolution X-ray diffraction rocking curves of the (400)
diffraction of as-grown single crystals, which display a fwhm of ∼20
arcsec for MAPbI3(Cl), ∼35 arcsec for MAPbI3@STL, and ∼225 arcsec
for MAPbI3@ITC, respectively. The inset shows the detailed curves for
solution-grown MAPbI3(Cl) and MAPbI3@STL single crystals.

Figure 3. Dark current−voltage measurements according to the space
charge-limited current (SCLC) model. (a) I−V trace of MAPbI3(Cl)
single crystal exhibiting three different regimes, marked for Ohmic (I ∝
Vn=1), trap-filled (I ∝ Vn>3), and Child’s (I ∝ Vn=2) regime. (b)
Calculated trap-state densities (blue) and charge carrier transport
mobilities (red) for MAPbI3(Cl), MAPbI3@STL, and MAPbI3@ITC,
respectively.
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that in previously reported MAPbI3 single crystals (∼1010
cm−3).2,7,9

The recombination lifetime of as-grown single crystals was
then characterized with transient photovoltaic (TPV) method.
At 0.1 sun illumination (532 nm, 10 mW cm−2), the TPV lifetime
for MAPbI3(Cl) single crystal was measured as 449 ± 76 μs
(Figure 4). Improvement on crystalline quality reduced the

charge carrier recombination, thus leading to the extension of
carrier lifetimes in MAPbI3(Cl) bulk crystals. It should be also
noted that the lifetime measured by TPV method is strongly
dependent on the light intensity and the long lifetime might be
caused by the so-called photon recycling effect in the bulk single
crystals.2,22

Chlorine incorporation improved the crystalline quality in
MAPbI3(Cl) single crystals. However, the presence and effect of
the incoming chlorine need to be identified. Indeed, until today,
the role of extrinsic chlorine incorporation has not yet been fully
understood, and the presence of chlorine in so-called
MAPbI3−xClx has been long debated.

20 A variety of technologies
have been used to determine the existence of chlorine in
MAPbI3−xClx films.20,23,24 All these previous studies were
normally based on MAPbI3−xClx polycrystalline films. In these
cases characterizations might be affected by the presence of
residual impurity phases from the precursor solutions. Here we
attempt to ascertain the presence of chlorine in MAPbI3 crystal
textures by utilizing as-grown MAPbI3(Cl) single crystal as a
platform. X-ray photoelectron spectroscopy (XPS) spectra scan
from the top surface, and depth profile showed no trace of Cl
appearing in the MAPbI3(Cl) single crystal (Figure S4,
Supporting Information). Considering the detecting limit of

XPS, we carried out time-of-flight secondary ion mass spectros-
copy (ToF-SIMS) depth profiling (Figure 5). The result clearly

confirms that trace amount of chlorine went into the
MAPbI3(Cl) single crystals, which is below the detecting limit
of XPS. However, for the lack of a standard reference sample with
known chlorine content, it is temporarily hard to determine the
exact chlorine content in ourMAPbI3(Cl) single crystals by ToF-
SIMS method.
We observed a reduction in MAPbI3 solubility with the

addition of chlorine (see S7 in Supporting Information), showing
a bigger drive force of phase change from solution to solid, thus
leading to a rapid growth rate. In fact, with the addition of
chlorine, the growth kinetics for all types of faces in the growth
form ofMAPbI3 crystal will be affected. According to the periodic
bond chains (PBC) theory by Hertman,25 F faces of a growing
crystal are smooth on a molecular level with pretty low kink
densities. Because kinks are necessary for the attachment of
incoming growth species, crystal growth on F faces is normally
hampered unless kinks are produced, which can be accomplished
by either formation of dislocations from the crystal matrix or
generation of some two-dimensional (2D) nuclei on the growth
layer.25,26 Therefore, a possible growth mechanism is proposed
for the rapid growth of high-quality MAPbI3(Cl) single crystals
as shown in Figure 6 (see S7 for details in Supporting
Information). We speculate that the role of chlorine is to
provide interim kinks by forming chlorinated intermediate
molecules reversibly and rapidly on the growth surface. Hence
the dislocation defect density in MAPbI3(Cl) single crystal was
largely reduced.
In conclusion, we report on the ultrahigh crystalline quality in

MAPbI3(Cl) single crystals grown via a rapid solution temper-
ature-lowering method. Chlorine additive effectively shortened
the growth period from weeks to days and thus reduced the
fabrication cost. Most importantly, it enabled the MAPbI3(Cl)
single crystals to exhibit the combination of high structural
perfection, low trap-state density, large size, and excellent charge
transport properties at the same time. These findings indicate
MAPbI3(Cl) single crystals outperform the MAPbI3 single
crystals reported in the literature, demonstrating the superiority
of this newly developed perovskite single crystal and providing a
promising material choice for the fabrication of high-perform-
ance optoelectronic devices.

Figure 4. Transient photovoltaic (TPV) measurements. (a) TPV
lifetime for MAPbI3(Cl) single crystal. (b) Lifetimes of MAPbI3(Cl),
MAPbI3@STL, and MAPbI3@ITC based on TPV measurements.

Figure 5. Depth profiling of time-of-flight secondary ion mass
spectroscopy (ToF-SIMS) for MAPbI3(Cl) single crystal.
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Figure 6. Schematic of crystal growth process on F face. (a−c) Growth
process assisted by dislocation (blue). (a) Crystal growth on smooth F
faces is normally hampered. (b) Dislocations from the crystal matrix
provide sites that attract the incoming growth species (iodinated
molecules, red). (c) Assembling of growth species on dislocations. (d−
f) An alternative growth model showing the impact of chlorinated
molecule intermediate (yellow) on crystal growth process. (d)
Temporary adsorption of chlorinated molecules intermediate on the
surface of a growing crystal, leading to interim kinks (2D nuclei), which
attract the growth species. (e) Along with the assembling of growth
species, the migration and desorption of chlorinated molecules occurred
as a result of the reversible chlorinated intermediate reactions. (f)
Previously assembled growth species provide kinks for further growth.
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