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Resolving spatial and energetic distributions of trap
states in metal halide perovskite solar cells
Zhenyi Ni1*, Chunxiong Bao2*, Ye Liu1,2, Qi Jiang1, Wu-Qiang Wu1, Shangshang Chen1, Xuezeng Dai1,
Bo Chen1, Barry Hartweg3, Zhengshan Yu3, Zachary Holman3, Jinsong Huang1,2†

We report the profiling of spatial and energetic distributions of trap states in metal halide perovskite
single-crystalline and polycrystalline solar cells. The trap densities in single crystals varied by five orders
of magnitude, with a lowest value of 2 × 1011 per cubic centimeter and most of the deep traps located
at crystal surfaces. The charge trap densities of all depths of the interfaces of the polycrystalline films were
one to two orders of magnitude greater than that of the film interior, and the trap density at the film interior
was still two to three orders of magnitude greater than that in high-quality single crystals. Suprisingly, after
surface passivation, most deep traps were detected near the interface of perovskites and hole transport layers,
where a large density of nanocrystals were embedded, limiting the efficiency of solar cells.

T
he photovoltaic performance of metal
halide perovskites (MHPs) is mainly at-
tributed to their high optical absorption
coefficient (1), high carrier mobility (2),
long charge-diffusion length (3), and small

Urbach energy (4). Defect tolerance inMHPs
was initially proposed as one origin for their
excellent carrier transport and particular re-
combination properties, in that most point
defects have low formation energy in the bulk
of perovskites anddonot formdeep charge traps
(5, 6). Later theoretical studies showed that
the structural defects at the material surface
and grain boundaries of perovskites can induce
deep charge traps, which has guided the devel-
opment of passivation techniques in perovskite
solar cells (7–9), but this was only inferred in-
directly. Thenonradiative recombinationprocess
also leads to the energy loss of the perovskite
solar cells, which is closely related to the defect-
induced trap states in the perovskites (10, 11).
Charge trap states play an important role in
the degradation of perovskite solar cells and
other devices (12, 13). Knowledge of the dis-
tributions of trap states in space and energy
is one of the most fundamental ingredients
for understanding the impact of the charge
traps on charge transport and recombination
in perovskite materials and devices.
Thermal admittance spectroscopy (TAS) and

thermally stimulated current methods have
been broadly applied to measure the energy-
dependent trap density of states (tDOS) in
perovskite solar cells (14–16). These methods
can generally reach a trap depth of ~0.55 eV
from the conduction or valence band edge,

which is normally deep enough for most low–
band gap perovskites that make efficient solar
cells. Techniques like surface photovoltage spec-
troscopy and sub–band gap photocurrent are
capable of detecting deeper trap states that
exist in wide–band gap perovskites (17–19).
Sub–band gap photoluminescence, which was
adopted to investigate the properties of lumines-
cent trap states in perovskite (20), and cathodo-
luminescencewere shown to image thenanoscale
stoichiometric variations that are related to
the traps at the film surface (21). However, these
techniques are not readily applied to completed
solar cell devices to measure the spatial distri-
bution of trap states. Deep-level defect charac-
terizationmethods such as deep-level transient
spectroscopy are not readily applicable to perov-
skite devices, because the long biasing times
are affected by ion migration inMHPs. Here,
we demonstrate that the drive-level capaci-
tance profiling (DLCP) method, an alternate
capacitance-based technique, can provide well-
characterized spatial distributions of carrier
and trap densities in perovskites. We mapped
the spatial and energetic distributions of trap
states in perovskite single crystals and poly-
crystalline thin films. A straightforward com-
parison of the trap densities and distributions
in perovskite single crystals and thin films in
typical planar-structured solar cells was then
conducted.

Drive-level capacitance profiling of perovskites

The DLCPmethod was developed to study the
spatial distribution of defects in the band gap
of amorphous and polycrystalline semicon-
ductors, including amorphous silicon (Si) (22),
CuIn1−xGaxSe2 (23), and Cu2ZnSnSe4 (24). With
the junction capacitance measurements, DLCP
can directly determine the carrier density that
includes both free carrier density and trap den-
sity within the band gap of the semiconductors
and their distributions in space and energy
(Fig. 1A and supplementary materials). The
trap density was estimated by subtracting the

estimated free carrier density, which wasmea-
sured at high alternating current (ac) frequencies
when the measured carrier densities saturate
with the further increase of the ac frequency,
from the total carrier densitymeasured at the
low ac frequency. This technique allowed us to
derive the energetic distribution (Ew) of trap
states by tuning the frequency of the ac bias
(dV) or temperature (T) and the position of trap
states in real space by changing the direct cur-
rent (dc) bias that was applied to the depletion
region of the junction. As long as the spatial
property of the semiconductor did not change
dramatically, the differences in the profiling
distance closely approximated the actual changes
in the position where trap states responded
to the capacitance, thus reflecting the change
of the trap density in real space. In principle,
DLCP can have a high resolution because the
depletion edge can be continuously tuned by
the applied dc bias. However, the profiling dis-
tance within the real devices was affected by
the nonflat depletion interfaces caused by either
the roughness or the heterogeneity of themate-
rials, which could compromise the resolution
of the profiling distance.
To validate the accuracy of the carrier den-

sity measured by DLCP, we first performed
DLCPmeasurements on a Si solar cell, which
was fabricated based on a p-type (~0.94 ohm·cm
with thedopant concentrationof~1.6× 1016 cm−3)
crystalline Si (p-Si) wafer with a heavily n-type
diffusion layer Si (n+) on top (details in the
materials and methods section of the supple-
mentary materials). The carrier density was
calculated from the derived linear and non-
linear capacitive coefficients C0 and C1, respec-
tively, by fitting the C-dV plots at different dc
biases and ac frequencies (fig. S1). When the
profiling distance is >0.15 mm, which should
reach the interior of the p-Si, the carrier den-
sities measured at different ac frequencies (1 to
500 kHz) were basically the same (Fig. 1B),
indicating negligible contributions of the trap
states to the junction capacitance. In this case,
the measured carrier density should be the free
carrier concentration of the p-Si wafer, which
was read to be ~1.8 × 1016 cm−3 from the DLCP
measurement. This value was consistent with
the dopant concentration of the p-Si wafer
derived from the conductivity measurement,
validating the accuracy of the carrier density
measured by DLCP.
Because the profiling of carrier and trap

densities by DLCP relied on the sweeping of
a depletion region edge across a device from
one electrode to the counter electrode, it
was critical to understand the location of the
junction(s) in typical planar-structured perov-
skite solar cells with the device structure of
indium tin oxide (ITO)/poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA) (15 nm)/
perovskite/fullerene (C60) (25 nm)/batho-
cuproine (BCP)/copper (Cu). It was found that
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these perovskite solar cells essentially had a
n+-p junction formed between the C60 and the
perovskites (figs. S2 and S3). Another concern
with DLCP measurements of MHPs is the role
of ion migration. During the DLCP measure-
ment, a positive dc bias was usually applied
onto perovskite devices, which actually par-
tially compensated for the built-in field in the
devices. Thus, the field in the devicewas always
less than the built-in field, which should, in
principle,minimize ionmigration. In addition,
each DLCP scan takes only a few minutes,
and we confirmed the negligible influence of
the ion migration on the DLCP measurement
of these hysteresis-free perovskite solar cells by
performing consecutive forward and backward
scans of the dc biases (fig. S4).
We synthesized bulk CH3NH3PbI3 (MAPbI3)

single crystals using the inverse solubility
method (Fig. 1C). The DLCP measurements
were performed on a MAPbI3 single-crystal
device with a structure of gold (Au)/MAPbI3/
C60/BCP/Cu, where both sides of the crystal
were polished to remove the defective surface
layers (fig. S5). A symmetric distribution of the
trap density was observed (Fig. 1E), in a good
agreement with the structural symmetry of

the double-side polishedMAPbI3 single crystal.
This result demonstrated the spatial profiling
of trap densities in MAPbI3 single crystals by
DLCP. The trap density near the interface re-
gion was ~10-fold greater than that inside the
MAPbI3 single crystal. This difference indicated
that dangling bonds at the surface of the crystal
form charge traps.
To determine whether the profile depth cor-

responded to the physical material depth, we
made a device with double-layerMAPbI3 thin
single crystals so that we knew the location of
the charge traps (Fig. 1D). We first synthesized
a 35-mm-thick MAPbI3 thin single crystal on a
PTAA/ITO substrate using the space-confined
growth method (25) and then interrupted the
growth by exposing the top surface of the thin
single crystal to air for 1 min before continuing
the crystal growth. This step created a distinct
boundary between the two layers [cross-sectional
scanning electron microscope (SEM) image in
the inset of Fig. 1F] that should be rich in charge
traps. This defective interface was located 18 mm
below the surface of the top subcrystal (inset of
Fig. 1F). The profiled trap density of this device
(Fig. 1F) showed a peak in the trap density at
the profiling distance of 18 mm.

Trap distributions in MAPbI3 thin
single crystals
We studied the trap distribution in perovskite
single-crystal solar cells. Perovskite solar cells
made from a single-crystal perovskite could,
in principle, have a power conversion efficien-
cy (PCE) approaching the Shockley-Queisser
limit (usually 33.7% for a single junction)
because of the extremely low defect density
and long carrier diffusion length (3, 26). How-
ever, the highest PCE of the first-reported
MAPbI3 single-crystal solar cell was only 17.9%
(25). A more recent study reported 21.1%
(27), which is still far lower than that of poly-
crystalline solar cells. Initial studies indicate
that thin crystals formed by the space-confined
growth method have a smaller carrier dif-
fusion length (10 to 20 mm) than that of thick
bulk crystals (175 mm), which do not suffer
from the impact of substrates. (25). However,
the underlying mechanism limiting carrier
diffusion in thin crystals was not clear.
We conductedDLCPmeasurements to under-

stand the relationship of trap density and
distribution with synthetic-crystal methods.
Figure 2A shows the spatial distribution of
carrier densities throughout a typical MAPbI3
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Fig. 1. DLCP technique. (A) Schematic of
band bending of a p-type semiconductor with
deep trap states in an n+-p junction. X denotes
the distance from the junction barrier where
the traps may be able to dynamically change
their charge states with the ac bias dV.
dX denotes the differential change of X with
respect to dV. Ew is the demarcation energy
determined by Ew = kTln(w0/w) (where k
is the Boltzmann’s constant). EC, EV, and EF
indicate the conduction band edge, valence
band edge, and Fermi level, respectively.
(B) Dependence of the carrier density on the
profiling distance of a Si solar cell at
different ac frequencies measured by DLCP.
The inset shows the schematic of the device
structure. (C) Schematic of the synthesis
of a bulk MAPbI3 single crystal in an open-air
solution. (D) Schematic of the synthesis
of a double-layer MAPbI3 thin single crystal
using the space-confined growth method.
(E) Dependence of the trap density on the
profiling distance of a MAPbI3 single crystal
measured by DLCP. The inset shows
the device structure. (F) Dependence of the
trap density on the profiling distance of a
double-layer MAPbI3 thin single crystal.
The inset shows the cross-sectional SEM
image of the double-layer MAPbI3 thin single
crystal. The thicknesses of the top and bottom
single crystals were 18 and 35 mm, respectively.
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thin single crystal that was synthesized by the
space-confined growth method in the device
with a structure of ITO/PTAA/MAPbI3 (39 mm)/
C60/BCP/Cu at different ac frequencies. The
carrier density increased with the decrease in
ac frequency, indicating the existence of charge
traps in the MAPbI3 thin single crystal that
contributed to the junction capacitance at low
ac frequencies (large Ew). Figure 2B shows a
representative spatial distribution of trap den-
sities in the MAPbI3 thin single crystal at the
ac frequency of 10 kHz by subtracting the free
carrier density measured at high ac frequen-
cies from the total carrier density measured at
the 10-kHz frequency. As the profiling position
changed from the interfaces to the interior of
the single crystal, the trap density decreased.
This result indicated that the majority of the
trap states were near the surface of the MAPbI3
thin single crystal. The free carrier density was
also higher near the surface of the MAPbI3
thin single crystal (Fig. 2A), indicating that both
self-doping and trap states are caused by de-
fects, most likely, of different kinds.
To figure out how sensitive DLCP is to the

change in the trap density close to the surface

of the MAPbI3 thin single crystals, we varied
the trap density at the top surface (C60 side)
of the MAPbI3 thin single crystal by polishing
and treating it with (C8–NH3)2SO4 before per-
forming DLCP measurements (Fig. 2C). Recent
work has demonstrated that surface wrapping
with oxysalt can effectively passivate the defec-
tive surface of perovskites with the wide–band
gap oxysalts (28). The trap density was reduced
by about one order of magnitude after polish-
ing the top surface of the MAPbI3 thin single
crystal and was further reduced after the sur-
face treatment with (C8–NH3)2SO4 (Fig. 2D).
Because DLCP only measured the carrier den-
sity in the junction area, this result also vali-
dates the finding that the measured junction
is located at the perovskite/C60 interface. Thus,
the interface regions of the perovskite/C60 and
the perovskite/TPAA were readily distinguished
in the spatial distribution profiling of trap states.
The trap density distribution in the MAPbI3

thin single crystal synthesized by the space-
confinedmethodwas quite different from that
in the bulk crystal. The trap densities varied
by up to five orders ofmagnitude, and the trap
density near both surfaces was two to four

orders of magnitude higher than that in the
bulk crystals. The trap density decreased grad-
ually toward the center of the crystal, and its
distribution along the normal direction was
not symmetric, despite both surfaces of the
thin single crystal contacting PTAA/ITO dur-
ing the growth process. To understand these
differences, we synthesized MAPbI3 thin single
crystals with different thicknesses (10 to 39 mm)
and investigated the variation of the trap den-
sity distribution with the change in the crystal
thicknesses (Fig. 3A). The minimal bulk trap
density (NT min) inside the MAPbI3 thin single
crystal, which occurred near the center of
the crystal, decreased from ~3.2 × 1012 to 1.9 ×
1011 cm−3 as the thickness of the thin single
crystal increased from 10 to 32 mm and began
to saturate with increased crystal thickness
(Fig. 3B). The saturatedNT min of 1.8 × 1011 cm−3

approached that of the bulk MAPbI3 single
crystal synthesized in open-air solution (Fig.
1E). These results indicate that there is a critical
crystal thickness for the MAPbI3 thin single
crystals synthesized by the space-confined
method, below which the trap density inside
the crystals was substantially higher than
that in the bulk crystal. We speculate that the
space-confined method may induce defects
through the strain imposed by the mismatch
of the substrates and the crystals during growth
and that the strain inside the crystals may be
released with the increase in crystal thick-
ness. Another possible mechanism for defect
formation is that the substrates affect the
transport of ions for micrometer-scale chan-
nels. The microfluid would undergo laminar
flow at low flow rates near the substrates
(inset of Fig. 3B) (29). For the thinner single
crystals, the averaged velocity of the solution
flow would be reduced owing to the confine-
ment of the boundary layer by the small space,
resulting in not enough ions being delivered to
the crystal for growth. Insufficient ion delivery
to the crystal surface would create a deficiency
for one type of ions, or misfit defects.
Similarly, the trap density near theMAPbI3/

PTAA interface also decreased with the in-
crease in the crystal thickness and was essen-
tially constant with further increases in crystal
thickness (Fig. 3A).However, the imposed strains
between the two sides of the single crystal and
the substrates were not always identical because
of the subtle difference in the roughness of
the two PTAA/ITO substrates, which led to the
different defect density distributions at the two
surfaces of the crystals. The side with a higher
defect density may have a weaker contact with
the PTAA/ITO substrate, making the PTAA/
ITO substrate easier to be peeled off from this
side. It is this defective side that C60 was de-
posited on during the device fabrication proc-
ess that was used. Moreover, the distribution of
trap density in MAPbI3 thin single crystals de-
pended not only on the spacing of the two
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Fig. 2. Spatial distributions of trap states in a MAPbI3 thin single crystal. (A) Dependence of the carrier
density on the profiling distance of a 39-mm-thick MAPbI3 thin single crystal at different ac frequencies, as
measured by DLCP. (B) Dependence of the trap density on the profiling distance of a MAPbI3 thin single crystal
measured at an ac frequency of 10 kHz. The carrier density measured at 500 kHz is regarded as free carriers.
(C) Schematics of a MAPbI3 thin single crystal on a PTAA/ITO substrate before mechanical polish, after
mechanical polish, and after oxysalt [(C8–NH3)2SO4] treatment. (D) Trap density near the junction barrier of a
MAPbI3 thin single crystal before mechanical polish, after mechanical polish, and after oxysalt treatment.
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substrates but also on the substrate uponwhich
the crystals grew. The latter also affects the
strain inside the crystals and themicrofluid of
the precursor solution, as evidenced by the
difference in the trap densities measured in
the top and bottom subcrystals of the double-
layer sample in Fig. 1F. The top subcrystal had
amuchhigherNTmin than the bottomMAPbI3
thin single crystal grown directly on a PTAA/
ITO substrate (Fig. 3A).
We examined further the tDOS in energy

space in the MAPbI3 thin single crystal with a
thickness of 39 mm. To verify the effectiveness
of the DLCP in determining the tDOS, we
derived the tDOS in the MAPbI3 thin single
crystal by both TAS and DLCP methods, be-
cause TAS is a well-established method to
determine the tDOS in perovskite devices
(15). The temperature-dependent differential
capacitance spectra (−f·dC/df-f, where f is the
frequency of the ac bias) and the Arrhenius plot
of the characteristic frequencies with respect to
the temperature [ln(w/T2)-1/T ] of the device
are shown in fig. S6. Figure 3C shows the Ew-
dependentNT for theMAPbI3 thin single crystal
measured by TAS. For the DLCP measure-
ment, the tDOS could be estimated by the de-
rivative of the carrier density with respect to
Ew, that is,NT (Ew) = dN/d(Ew). As the profiling
distance was scanned from one side of the
single crystal to the other, the energy distrib-
ution and spatial distribution of the trap states
in theMAPbI3 thin single crystal were mapped
(Fig. 3D).
The tDOS measured by DLCP exhibited a

similar feature to that measured by TAS (fig.
S7). Both tDOS spectra showed three trap
bandswithEw values of 0.27 eV (zone I), 0.35 eV
(zone II), and greater than 0.40 eV (zone III).
Previous studies speculated that the deep trap
statesweremainly related to the surface defects
of the perovskite and that shallower trap states
were more likely from inside the perovskite
(15). The spatial and energy distributions of
the tDOS in perovskites (Fig. 3D) indicated that
the deep trap density at the MAPbI3/PTAA
interface was >100-fold higher than inside the
MAPbI3 thin single crystal, whereas the shallow
trap density at theMAPbI3/PTAA interface was
barely higher than those inside the single crystal.
Deep traps were mainly located at the surface
regionof theMAPbI3 thin single crystals,whereas
the shallower trapswere prevalent throughout
the entire single crystals. This difference indi-
cated their different origins, that is, shallow trap
bands I and II may form from point defects in
the bulk and deep trap band III originated from
the dangling bonds at thematerial surface. The
measured carrier densities near theMAPbI3/C60
interface at the ac frequencies from 1 to 50 kHz
were quite near each other (Fig. 2A), indicat-
ing a low deep trap density of states near the
MAPbI3/C60 interface caused by the passiva-
tion effect of C60.

Trap distributions in polycrystalline
perovskite films
The spatial and energetic distributions of trap
states in polycrystalline perovskite thin films
are crucial to understanding the performance
of those solar cells. We first performed DLCP
measurement on a typical planar-structured
perovskite thin-film solar cell with the device
structure of ITO/PTAA/MAPbI3/C60/BCP/Cu,
which has a typical PCE of 17.8% (table S1).
The measured trap density distribution and
tDOS mapping in the MAPbI3 thin film are
shown in fig. S8. The MAPbI3 polycrystalline
thin film shows a similar feature of trap dis-
tribution with the thin single crystals in which
most of the deep trap states (trap band III) are
located close to the MAPbI3/PTAA interface.
Then, we carried out DLCP measurement on
a high-performance solar cell with the device
structure of ITO/PTAA/Cs0.05[HC(NH2)2]0.70
(CH3NH3)0.25PbI3(Cs0.05FA0.70MA0.25PbI3)/
C60/BCP/Cu, in which the perovskite thin
films were modified with the additive of 1,3-
diaminopropane (30). The open circuit voltage

(VOC), short-circuit current density (JSC), fill
factors (FF), andPCEof the solar cell were 1.15 V,
23.4mA cm−2, 77.3%, and 20.8%, respectively
(Fig. 4A). The spatial distribution of the carrier
densities in the Cs0.05FA0.70MA0.25PbI3 solar
cell is shown in fig. S9. The differences in the
carrier densities measured at different ac fre-
quencies revealed the presence of trap states
in these perovskite thin films. The trap density
at the perovskite/C60 interface was about 10-fold
lower than that at the perovskite/PTAA inter-
face (fig. 4B), which might be caused by the
passivation of C60 on the surface defects of the
perovskite thin film (15, 31). Both interfaces
had a higher defect density compared with
the interior of the perovskite films.
In the tDOSspectrumof theCs0.05FA0.70MA0.25

PbI3 solar cell measured by TAS (Fig. 4C), the
attempt-to-escape angular frequency w0 was
derived from the temperature-dependent C-f
measurements, as detailed in thematerials and
methods. The tDOS spectrum contained three
different trap centers, dividing the spectrum
into three energy bands (marked as I, II, and
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Fig. 3. Thickness-dependent trap density distributions in MAPbI3 thin single crystals. (A) Dependence of
the trap densities on the profiling distances of MAPbI3 thin single crystals with different crystal thicknesses
measured at an ac frequency of 10 kHz. The location of the MAPbI3/C60 interface for each crystal is aligned
for comparison. The black dashed arrow indicates the trend of the change of minimal trap density NT min in MAPbI3
single crystals with different thicknesses. (B) Dependence of the NT min in the MAPbI3 thin single crystal
on the crystal thickness. The horizontal dashed line indicates the NT min value in a bulk MAPbI3 single crystal.
The inset shows a schematic of the laminar flow of the precursor solution between two PTAA/ITO glasses
during the growth of the crystal. The arrows denote the direction of the laminar flow of the precursor solution,
and the length of the arrow denotes the laminar flow velocity. (C) tDOS of a MAPbI3 thin single crystal, as
measured by the TAS method. The thickness of the MAPbI3 thin single crystal was 39 mm. (D) Spatial and energy
mapping of the densities of trap states in the MAPbI3 thin single crystal, as measured by DLCP.
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Fig. 4. Spatial and energetic distributions of trap states in perovskite thin
films. (A) J-V curve of the Cs0.05FA0.70MA0.25PbI3 thin-film solar cells. The inset
shows the device structure. (B) Dependence of the trap density on the profiling
distance for the perovskite thin film in the solar cell measured at an ac frequency of
10 kHz. (C) tDOS of the perovskite thin-film solar cell, as measured by the TAS
method. (D) Spatial and energy mapping of the densities of trap states of the
perovskite thin film in the solar cell, as measured by DLCP. (E) Cross-sectional
HR-TEM image of the stack of perovskite and PTAA. The dashed squares mark the

areas where the fast Fourier transforms of the lattices were performed, with white
and yellow indicating zone axes of [1 −1 −1] and [2 1 0], respectively. The red lines
denote the orientation of the facets. (F) Fast Fourier transforms of the areas
indicated in (E). (G) Measured and simulated J-V curves of planar-structured solar
cells based on MAPbI3 polycrystalline thin films. The thin-film (single crystal) bulk
and interface trap densities were adopted for the simulations. (H) Dependence of the
PCE of the MAPbI3 thin-film solar cell on the bulk and interface trap densities. The
dashed lines denote the contour lines of certain PCE values, which are noted.

Table 1. Comparison of the minimal bulk trap densities and the interface trap densities between perovskite single crystals and thin films. The
interconnected layers are listed in parentheses. The trap densities are calculated at an ac frequency of 10 kHz. The interface trap density values vary
depending on different surface and interface conditions.

Perovskite material Minimal bulk trap density (NT min) (cm
−3) Interface trap density (cm−3)

MAPbBr3 single crystal (bulk) 6.5 × 1010 1.8 × 1012 (C60) 1.8 × 1012 (Au)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

MAPbI3 single crystal (bulk) 1.8 × 1011 1.2 × 1012 (C60) 1.2 × 1012 (Au)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

MAPbI3 single crystal (thin) 1.9 × 1011 to 3.2 × 1012 2.0 × 1013 to 1.1 × 1016 (C60) 1.5 × 1013 to 1.0 × 1015 (PTAA)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Cs0.05FA0.70MA0.25PbI3 film 4.3 × 1014 8.6 × 1015 (C60) 1.2 × 1017 (PTAA)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Rb0.05Cs0.05FA0.75MA0.15Pb(I0.95Br0.05)3 film 5.7 × 1014 2.0 × 1016 (C60) 1.1 × 1017 (PTAA)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

FA0.92MA0.08PbI3 film 7.9 × 1014 1.9 × 1016 (C60) 9.0 × 1016 (PTAA)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

MAPbI3 film 9.2 × 1014 2.2 × 1016 (C60) 1.2 × 1017 (PTAA)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Cs0.05FA0.8MA0.15Pb0.5Sn0.5(I0.85Br0.15)3 film 1.2 × 1015 1.5 × 1016 (C60) 1.1 × 1017 (PTAA)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .
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III). The trap distributions in bands I, II, and
III of the perovskite thin film are centered at
~0.33, 0.38, and 0.52 eV, respectively. The spatial
mapping of the tDOS in the perovskite thin
film (Fig. 4D) revealed that the tDOSs at both
interface regions were >100-fold higher than
that in the film. In addition, deep traps in band
III were more localized at the perovskite/
PTAA interface, whereas shallower traps in
bands I and II were enriched at both inter-
faces. This result showed that the perovskite
surfaces of polycrystalline films were rather
defective (31).
To understand the origin of the high deep

trap density at the perovskite/TPAA interface,
we examined this region by high-resolution
transmission electron microscopy (HR-TEM).
As shown in Fig. 4, E and F, the lattice had
basically the same orientation with the zone
axis of [1 −1 −1] in the grain interior, whereas
there were a large number of small crystals
with sizes of a few nanometers and different
orientations (zone axis of [2 1 0]) with respect
to the grain interior at the region near the
PTAA/perovskite interface. At least 10 samples
were examined with different perovskite com-
positions. All of them had very similar mor-
phology, confirming the heterogeneity of the
perovskite films in the vertical direction (32),
whichwe believewas caused by the deposition
method–related grain-growth behavior that
made the interface between the perovskite and
thePTAA ratherdefective and rich in charge trap
centers. Given the excellent passivation effect
of C60 on the deep trap states at the perovskite
surface (33), the remaining deep trap stateswere
mainly located near the perovskite/PTAA in-
terface, which might limit the efficiency of the
perovskite thin-film solar cells.

Perovskite single crystals versus
polycrystalline films

To find out the differences between the trap
density distributions in perovskite single crys-
tals and polycrystalline thin films and in those
with different compositions, wemeasured the
NTmin and the interface trap densities in
several perovskite single crystals and poly-
crystalline thin films with different composi-
tions (Table 1). The bulk MAPbI3 or MAPbBr3
single crystal showed a quite lowNT min (<2.0 ×
1011 cm−3) which increased to 3.0 × 1012 cm−3

in MAPbI3 thin single crystals, depending on
their growth conditions. However, these values
are still two to three orders of magnitude lower
than that in MAPbI3 polycrystalline thin films,
which are generally formed by a very quick
thin-film coating process. In addition, our cur-
rent results signify the importance of proper
surface-modification processes (mechanical
polishing and oxysalt treatment) to reduce trap
densities in perovskite single crystals. Similar
scenarios could be applied to polycrystalline
thin films to reduce the interface trap densities.

Table 1 also lists theNT min and the interface
trap densities of several typical polycrystalline
perovskite thin films used in planar-structured
solar cells, including Cs0.05FA0.70MA0.25PbI3,
Rb0.05Cs0.05FA0.75MA0.15Pb(I0.95Br0.05)3,
FA0.92MA0.08PbI3, MAPbI3, and Cs0.05FA0.8

MA0.15Pb0.5Sn0.5(I0.85Br0.15)3. The current density–
voltage (J-V) curves and trap density distribu-
tions of the solar cells fabricated based on these
films are shown in fig. S10. The corresponding
parameters of device performance are listed
in table S1. Among these configurations, the
Cs0.05FA0.70MA0.25PbI3-based solar cell exhibited
the highest PCE of 20.8% after optimizing the
fabrication processes (30) and had the lowest
NT min of ~4.0 × 1014 cm−3, which was still
more than two orders of magnitude greater
than that in high-quality single crystals. For
the perovskite solar cells fabricated based on
the other compositions without comprehensive
optimizations, the Rb0.05Cs0.05FA0.75MA0.15Pb
(I0.95Br0.05)3-based solar cell showed a relatively
high PEC of 19.6%, whereas FA0.92MA0.08PbI3
and MAPbI3 showed lower PCEs of ~18.0%.
Accordingly, the NT min in Rb0.05Cs0.05FA0.75

MA0.15Pb(I0.95Br0.05)3 was moderately lower
than that in FA0.92MA0.08PbI3 and MAPbI3.
The tin-incorporated Cs0.05FA0.8MA0.15Pb0.5Sn0.5
(I0.85Br0.15)3 film showed the highest NT min of
~1.2 × 1015 cm−3 among all the configurations,
reflecting the relative defective nature of tin-
containing thin films.
The trend of the variation in the PCE of these

solar cells was basically in accordancewith the
change in the NT min in different perovskite
thin films. This finding signifies the impor-
tance of reducing the trap densities in the
perovskite thin films for enhancing the device
performances. Our current results demonstrate
that intrinsic trap densities in perovskite poly-
crystalline thin films were closely related to
the film compositions as well as the film fabri-
cation process. For all the perovskite thin-film
compositions, the interface trap density was
in the range of ~9.0 × 1015 to 2.0 × 1017 cm−3,
depending on the type of the charge transport
layers. Overall, the trap density at the perov-
skite/PTAA interface was higher than that at
the perovskite/C60 interface because of the
formation of large amounts of small crystals
near the perovskite/PTAA interface. This mor-
phology points out an important direction to
explore for further boosting the performance
of perovskite solar cells or other electronic
devices by reducing the trap density at the
perovskite/PTAA interfaces.

Relationship of trap density and
solar cell efficiency

We used the solar cell capacitance simulator
to simulate both thin-film and single-crystal
perovskite solar cells with varied trap densities.
We first used the trap density and distribution
measured by DLCP and TAS, which is detailed

in fig. S11 and tables S2 and S3, to simulate a
MAPbI3 thin-film solar cell. Here, the capture
cross sections of the bulk and interface trap
states were determined by a global fitting of
the experimental J-V curves (fig. S12). Figure 4G
shows the simulated J-V curve of the MAPbI3
thin-film solar cell with a bulk trap density of
5.0 × 1014 cm−3 and interface trap density of
1.0 × 1017 cm−3 obtained from the polycrystal-
line thin films, which was near the measured
value. We simulated temperature-dependent
J-V curves of the MAPbI3 thin-film solar cell.
As shown in fig. S13, the simulated J-V curves
agree well with the measured J-V curves at
different temperatures, which indicates that
the DLCP measurement range of traps is deep
enough to predict the behavior of these solar
cells. After reducing only the bulk trap den-
sity to 1.0 × 1013 cm−3, the value attainable in
single-crystalline MAPbI3, the PCE increased
to 20.0% and saturated with any further de-
crease in the bulk trap density (Fig. 4H and fig.
S14). This saturated PCE was mainly limited
by the large interface trap density. If the in-
terface trap density was reduced to that in a
MAPbI3 thin single crystal (2.0 × 1015 cm−3),
the PCE could be further enhanced to 25.4%,
which is near the PCE of 26.6% for a trap-free
MAPbI3 thin-film solar cell (Fig. 4G). Simula-
tion of single-crystal solar cells also gave data
that were a good match to the experimental
data (27), which again showed that the PCE
of the MAPbI3 single-crystal solar cell could be
further improved to 26.8% once the interface
trap densities are reduced to that of the bulk
trap density (fig. S15).
Lower–bandgapperovskites arebeing studied

to harvest more sunlight, so we simulated
perovskite thin-film solar cells with band gaps
of 1.50 and 1.47 eV, which correspond to the
compositions of FA0.92MA0.08PbI3 and FAPbI3
(if it can be stabilized), respectively (34, 35).
Assuming that these materials have the same
trap densities (a bulk trap density of 5.0 ×
1014 cm−3 and interface trap density of 1.0 ×
1017 cm−3) and capture cross sections as reg-
ular polycrystalline MAPbI3 thin films, the
devices showed PCEs of 22.5 and 22.8%, respec-
tively (fig. S16). The efficiencies could be further
increased to 27.7 and 28.4%, respectively, when
the trap densities in the thin film are substan-
tially reduced to be the same as those in single
crystals.
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Resolving spatial and energetic distributions of trap states in metal halide
perovskite solar cells
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Mapping perovskite trap states
The high efficiency of hybrid inorganic-organic perovskite solar cells is mainly limited by defects that trap the charge
carriers and lead to unproductive recombination. Ni et al. used drive-level capacitance profiling to map the spatial and
energetic distribution of trap states in both polycrystalline and single-crystal perovskite solar cells. The interface trap
densities were up to five orders of magnitude higher than the bulk trap densities. Deep traps were mainly located at
the interface of perovskites and hole-transport layers, where processing created a high density of nanocrystals. These
results should aid efforts aimed at avoiding trap-state formation or passivating such defects.
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