
The Interplay between Trap Density and Hysteresis in Planar
Heterojunction Perovskite Solar Cells
Jin-Wook Lee,† Seul-Gi Kim,‡ Sang-Hoon Bae,† Do-Kyoung Lee,‡ Oliver Lin,† Yang Yang,*,†

and Nam-Gyu Park*,‡

†Department of Materials Science and Engineering and California NanoSystems Institute, University of California, Los Angeles,
California 90095, United States
‡School of Chemical Engineering, Sungkyunkwan University (SKKU), Suwon 440-746, Korea

*S Supporting Information

ABSTRACT: Anomalous current−voltage (J−V) hysteresis in
perovskite (PSK) solar cell is open to dispute, where hysteresis is
argued to be due to electrode polarization, dipolar polarization, and/
or native defects. However, a correlation between those factors and
J−V hysteresis is hard to be directly evaluated because they usually
coexist and are significantly varied depending on morphology and
crystallinity of the PSK layer, selective contacts, and device
architecture. In this study, without changing morphology and
crystallinity of PSK layer in a planar heterojunction structure
employing FA0.9Cs0.1PbI3, a correlation between J−V hysteresis and
trap density is directly evaluated by means of thermally induced PbI2
regulating trap density. Increase in thermal annealing time at a given
temperature of 150 °C induces growth of PbI2 on the PSK grain surface, which results in significant reduction of nonradiative
recombination. Hysteresis index is reduced from 0.384 to 0.146 as the annealing time is increased from 5 to 100 min due to
decrease in the amplitude of trap-mediated recombination. Reduction of hysteresis by minimizing trap density via controlling
thermal annealing time leads to the stabilized PCE of 18.84% from the normal planar structured FA0.9Cs0.1PbI3 PSK solar cell.
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Exploration of photovoltaic materials discovered perovskite
(PSK) photovoltaics thanks to the pioneering works on

PSK-sensitized solar cells in 20091 and 20112 and the
breakthrough reports on solid-state PSK solar cells in 2012.3,4

The first report3 on a long-term stable solid-state PSK solar cell
incorporating a solid hole transporting material triggered
tremendous follow-up researches. As of March 13, 2017, a
state-of-the-art technology achieved a certified power con-
version efficiency (PCE) of 22.1%,5 which can be attributed to
the development of specialized coating techniques and
optimization of PSK composition.6−11

In the meantime, with impressive evolution of device
performance a surge of research efforts have been devoted to
investigate the fundamentals of PSK materials. The superb
photovoltaic performance of the PSK solar cells was attributed
to beneficial optoelectronic properties such as high absorption
coefficient,7 long-range balanced charge carrier lifetime,12−14

defect tolerance,15 and low exciton binding energy.16 On the
other hand, several anomalous phenomena have been observed
such as ferroelectric behavior,17 ion migration,18 and dynamic
motion of organic cations,19,20 which was associated with
current−voltage (J−V) hysteresis in devices.21,22 PSK solar cells
require accurate measurement because of large dependency of
J−V characteristics on scan direction and rate.21,22 Now, as an
alternative way, the stabilized power output under continuous

light and bias voltage corresponding to the maximum power
point is accepted as a standard procedure although the origin of
the J−V hysteresis has not been fully understood.
The J−V hysteresis is related to capacitive current in the full

devices.23 The origin of the capacitive current has been studied
using a variety of techniques,19,22−27 from which several
possible factors have been drawn: (i) electrode polarization
due to accumulation of charged spices at interfaces,23−25 (ii)
dipolar polarization of microscopic (ferroelectric) domains
associated with molecular orientation,26 and (iii) native defects
in PSK layer.17,27 However, such factors usually coexist and are
significantly varied depending on morphology and crystallinity
of the PSK layer, selective contacts, and device architecture. As
a result, it is difficult to find a direct correlation between those
factors and J−V hysteresis. Therefore, we were motivated to
investigate the correlation between the factors and J−V
hysteresis.
In this study, we elaborate a correlation between defects in

FA0.9Cs0.1PbI3 layer and J−V hysteresis in PSK solar cell by
means of thermally induced PbI2, where PbI2 is thermally
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grown on the surface of PSK grains by controlling annealing
time. Effects of annealing time on crystallinity and morphology
of PSK were investigated by scanning electron microscopy
(SEM) and X-ray diffraction (XRD) measurements. Correla-
tion between the thermally induced PbI2 and defect density was
investigated by time-resolved photoluminescence (TRPL)
measurement, which was discussed in conjunction with J−V
hysteresis in planar PSK solar cells employing FA0.9Cs0.1PbI3.
Finally, with optimized thermal annealing time a stabilized PCE
of 18.84% was demonstrated.
The FA0.9Cs0.1PbI3 PSK layer was formed by an adduct

approach as described previously,28 in which the heat-treatment
(annealing) time at 150 °C was varied from 5 to 100 min
(Figure 1a). Absorption spectra of the FA0.9Cs0.1PbI3 films as a
function of the annealing time are shown in Figure 1b.
Absorbance in the ranging between about 550 and 780 nm is
decreased as annealing time is increased (it is clearly seen from
the change in absorbance at 600 nm with annealing time in the
inset of Figure 1b), which indicates FA0.9Cs0.1PbI3 is likely to be
partially decomposed upon prolonged annealing at 150 °C.
To check the decomposition of the PSK layer, XRD patterns

were recorded with different annealing time (Figure 2a). XRD
peaks are indexed to pure black phase of FAPbI3 without the
presence of the yellow phase.7,8 Notably, as the annealing time
is increased the peak at around 12.6° originated from (001)
plane of PbI2 (indicated by *) appears and its intensity is

gradually increased, which is indicative of partial decomposition
of FA0.9Cs0.1PbI3. The ratio of (001) peak intensity of PbI2 to
(101) peak intensity of PSK is exponentially increased from
0.03, 0.04, 0.07, 0.10, 0.14, and 0.23 as the annealing time is
increased from 5, 20, 40, 60, 80, and 100 min, respectively.
Furthermore, it is noted that full width at half-maximum
(fwhm) for the (101) PSK peak is hardly changed (0.073 ±
0.01 o) with prolonged annealing time (Figure 2b), which
implies that the crystallite size of the film is not affected by
annealing time.29

Change in morphology of the PSK films with different
annealing time is investigated from the plane-view SEM images
in Figure 3a−f, where morphology is hardly changed with
annealing time. No significant change in grain size is consistent
with X-ray crystallite sizes with almost identical fwhm’s
observed in Figure 2b. All the films show similar morphology
with grain size of about 200−300 nm. However, a closer
inspection of the plane-view SEM images reveals that the
relative brightness of the grain boundaries compared to grain
interiors, is enhanced with prolonged annealing time, which is
probably related to the thermally induced PbI2 because the
decomposition is assumed to occur from grain boundaries.30

We fabricated planar heterojunction PSK solar cells with a

Figure 1. (a) Experimental procedure for formation of FA0.9Cs0.1PbI3
PSK layer via adduct intermediate. (b) Absorption spectra of
FA0.9Cs0.1PbI3 PSK films as a function of annealing time at 150 °C.
The perovskite films were spin-coated on glass substrate and annealed
at 65 °C for 1 min and 150 °C for a varied time ranging from 5 to 100
min. Inset shows change in absorbance at 600 nm with annealing time.

Figure 2. (a) X-ray diffraction (XRD) patterns of FA0.9Cs0.1PbI3 PSK
film as a function of annealing time at 150 °C. The PSK films were
spin-coated on a glass substrate and annealed at 65 °C for 1 min and
150 °C for a varied time ranging from 5 to 100 min. All the peaks are
indexed to black phase of FA0.9Cs0.1PbI3, whereas the peak indicated
by * is indexed to (001) plane of PbI2. (b) The XRD spectra in low
angle region, showing (001) peak for PbI2 and (101) peak for
FA0.9Cs0.1PbI3. Open circles represent the measured data and solid
lines indicate the fitted data with Gaussian function.

Figure 3. (a−f) Plane-view scanning electron microscopic (SEM)
images of FA0.9Cs0.1PbI3 PSK films as a function of annealing time at
150 °C. The perovskite films were spin-coated on a compact TiO2-
coated FTO glass and annealed at 65 °C for 1 min and 150 °C for a
varied time ranging from 5 to 100 min. (g) Cross-sectional SEM image
of a planar heterojunction solar cell based on FA0.9Cs0.1PbI3 annealed
for 40 min at 150 °C.
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Figure 4. (a) Dependence of photovoltaic parameters of JSC, VOC, FF, and PCE of FA0.9Cs0.1PbI3 PSK solar cells on annealing time at 150 °C. All the
parameters represent the arithmetic mean of the FS data and the RS data measured at scan rate of 0.12 V/s. (b) FS and RS J−V curves depending on
annealing time and calculated HI.

Table 1. Fitted Parameters Obtained from Time-Resolved Photoluminescence Spectra of FA0.9Cs0.1PbI3 Perovskite Film as a
Function of Annealing Time at 150 °Ca

5 min 20 min 40 min 60 min 80 min 100 min

A1 824.1 (60.4%) 391.8 (39.6%) 16.3 (2.18%)
τ1 (ns) 6.0 5.2 6.0
A2 541.0 (39.6%) 598.4 (60.4%) 730.8 (97.8%) 869.3 859.1 866.6
τ2 (ns) 575.1 558.2 607.7 719.6 814.6 998.6

aThe perovskite film was spin-coated on glass substrate and annealed at 65 °C for 1 min and 150 °C for varied time. The data were fit to
biexponential decay.

Figure 5. (a) Steady-state and (b) time-resolved PL spectra of FA0.9Cs0.1PbI3 PSK films as a function of annealing time at 150 °C. The PSK films
were spin-coated on glass substrate and annealed at 65 °C for 1 min and 150 °C for a varied time ranging from 5 to 100 min. Inset of (a) shows
change in intensity of PL peak at 804 nm with annealing time. Open circles in (b) show the measured data while solid lines indicate the fitted data.
(c) Charge transport process in PSK solar cell depending on different annealing time.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.7b01211
Nano Lett. XXXX, XXX, XXX−XXX

C

http://dx.doi.org/10.1021/acs.nanolett.7b01211


compact TiO2 film and a spiro-MeOTAD layer as an electron
transporting layer and a hole transporting layer, respectively.
The cross-sectional SEM image of the device is shown in Figure
3g, in which about 500 nm thick FA0.9Cs0.1PbI3 layer is formed
between 60 nm thick compact TiO2 and 200 nm thick spiro-
MeOTAD layers.
Figure 4 shows effect of annealing time on photovoltaic

parameters and hysteresis. The parameters in Figure 4a
represent the arithmetic mean of the forward (FS, from
short-circuit to open circuit) scanned data and the reverse (RS,
from open circuit to short-circuit) scanned data measured at
scan rate of 0.12 V/s. Additional discussion on scan rate can be
found in Supporting Information (Figures S1 and S2 and
Tables S1 and S2). Open-circuit voltage (VOC) and fill factor
(FF) are drastically increased as the annealing time is increased
from 5 to 40 min, while little change in shot-circuit current
density (JSC) is observed regardless of the annealing time. By

increasing the annealing time from 5 to 40 min, VOC and FF are
enhanced from 0.907 ± 0.09 to 0.953 ± 0.09 V (5.1%
increment), and 0.555 ± 0.014 to 0.664 ± 0.012 (20%
increment), respectively, which results in an improvement of
PCE from 12.53 ± 0.56 to 15.1 ± 1.07% (20.5% increment).
Further increase in annealing time from 40 min would not
improve VOC and FF. Significantly enhanced PCE upon
prolonged annealing is mainly due to the decreased current−
voltage (J−V) hysteresis as can be seen in Figure 4b. We
evaluate the degree of J−V hysteresis by calculating hysteresis
index (HI). In this study, the change in J−V hysteresis is
pronounced in low bias voltage region (<0.6 V) while the HI
defined in the previous studies only reflects the high voltage
region (>0.6 V).19,22 As a result, the calculated HIs according to
the previous definition do not follow the trend of ΔPCE
(ΔPCE = [PCEFS − PCERS]/PCERS, PCEFS and PCERS
represent power conversion efficiency measured from forward
scan and reverse scan, respectively) as shown in Table S3.
Considering that the HI is aimed at quantifying the difference
in power output depending on scan direction, HI is newly
defined by the eq 1, which reflects the integrated power output
with different scan direction

∫

∫
=

−J V J V V

J V V
Hyteresis Index (HI)

( ( ) ( ))d

( )d
SC

OC

SC

OC
RS FS

RS (1)

In eq 1, ∫ SC
OCJFS(V)dV and ∫ SC

OCJRS(V)dV stand for the area
under J−V curves measured from forward and reverse scans,
respectively. Higher HI is indicative of more serious hysteresis.
The HI is decreased from 0.384 to 0.266 and to 0.225 as the
annealing time is increased from 5 to 20 and to 40 min,
respectively, leading to enhancement of mean PCE. For the
longer annealing time (60, 80, and 100 min), hysteresis is
further decreased and thereby 80 min annealing yields the best
average PCE of 15.99 ± 1.13% with JSC of 24.83 ± 0.58 mA/
cm2, VOC of 0.938 ± 0.013 V and FF of 0.680 ± 0.037. When
considering no distinct change in morphology and crystallinity
as confirmed by XRD and SEM, such a significant change in
hysteresis might be related to optoelectronic quality of the PSK
layer.
Steady-state and time-resolved photoluminescence (PL)

measurements are studied to understand any correlation
between recombination, associated trap density, and hysteresis
(Figure 5). As can be seen in Figure 5a, steady-state PL
intensity is gradually increased from 2.02 × 104 (5 min) to 3.35
× 104 (100 min), while little shift in peak position is observed.
This indicates that radiative recombination is enhanced without

Figure 6. (a,b) Topology and (c,d) conductive atomic force
microscopic (c-AFM) images of FA0.9Cs0.1PbI3 films annealed at 150
°C for (a,c) 5 min and (b,d) 80 min. The PSK films were prepared on
ITO substrate and the measurement was carried out under room light
at bias voltage of 500 mV.

Figure 7. (a) Current density and voltage (J−V) curve and (b) steady-state current density and power conversion efficiency measurement with bias
voltage of 0.921 V for the best performing 80 min-annealed FA0.9Cs0.1PbI3 PSK solar cell. Inset of (a) shows external quantum efficiency (EQE)
spectrum.
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changing bandgap. Time-resolved PL is measured in Figure 5b
to find the origin of the enhanced steady-state PL intensity in
which the films are excited with 640 nm monochromatic beam
with a fluence of 0.65 nJ/cm2. The decay profiles are fitted to
either single or biexponential decay function, where the fitted
results are listed in Table 1. For the annealing time of 5, 20, and
40 min, the decay profiles show two distinct exponential decay
components corresponding to ultrafast (τ1 ∼ 5−6 ns) and
much slower decay processes (τ2 > 500 ns), where the ultrafast
decay component (τ1) is assigned to a trap-mediated
nonradiative recombination and the slow one (τ2) is correlated
to radiative recombination.31−33 It was reported that subgap
trap states are saturated if the density of photogenerated charge
carriers is much higher than density of the trap-state due to
slow detrapping kinetics. In that case, trap-mediated non-
radiative recombination would be hindered and bimolecular
radiative recombination become dominant.31,33 As the
annealing time is increased from 5 to 20 and to 40 min, the
amplitude of τ1 is decreased from 60.4% to 39.6% to 2.18%.
When considering that photogenerated carrier density is the
same regardless of annealing time because excitation intensity is
not changed, the decrease in τ1 is indicative of decrease in trap-
mediated nonradiative recombination probably due to decrease
in defect density by prolonged annealing. For the annealing
time longer than 40 min, defect density is further and largely
decreased because the ultrafast component disappears mostly.
The decay curves are fit to single exponential decay function for
the annealing time of 60, 80, and 100 min. Inset of Figure 5b
compares the PL decay profiles of the 5 min annealed and 80
min annealed films in which the ultrafast component presented
in 5 min sample is clearly eliminated by annealing for 80 min.
As listed in Table 1, the τ2 is significantly increased from 575.1
ns (5 min) to 998.6 ns (100 min), which indicates the lifetime
of photogenerated charge carrier in bulk PSK is enhanced.32

Because the morphology and crystallinity of the PSK films are
almost the same regardless of annealing time, the reduced
defect density and the enhanced charge carrier lifetime are
mainly responsible for the improved performance and J−V
hysteresis. In Figure 5c, charge transporting process is
schematically presented and compared for short and long
annealing time. For short annealing time, the photogenerated
charges carriers might be trapped in shallow trap states formed
by defects (process 1)32−34 and thereby the trap-mediated
nonradiative recombination occurs. Because of the slow
detrapping time, the traps are filled with photogenerated
charges under continuous illumination, which is followed by
charges collection at the selective contacts (process 2 and
3).31,33 The trap-filling process might contribute to capacitive
current, leading to time-dependent J−V hysteresis, and the loss
of charge carriers by nonradiative recombination results in
degradation of photovoltaic performance. Defects of PSK film
was reported to be passivated by the PbI2 formed on the surface
of PSK grains.35−40 Structural disorders at grain boundaries
were reported to form shallow defect states that potentially trap
the charge carriers to induce the nonradiative recombination
loss.41 When considering that thermal decomposition occurs at
grain boundaries of the PSK,30 the prolonged thermal annealing
is able to convert the defective PSK grain boundaries to PbI2
which facilitates the charge carrier separation and reduces the
recombination due to advantageous band alignment with the
PSK grains.37,40 However, thermal decomposition of PSK to
PbI2 reduces the film absorbance, as confirmed from absorption
spectra in Figure 1. Formation of thick PbI2 passivation layer

was also reported to impede the charge carrier collection,40

which can be associated with decreased FF for the 100 min
annealing. The estimated PbI2 amount for the 80 min annealing
was calculated to be 5.3 mol % from energy dispersive X-ray
spectroscopy (EDS) and 3.1 mol % from X-ray photoelectron
spectroscopy (XPS). The 5 min annealed film showed less
amount of PbI2 (3.1 mol % from EDS, 0 mol % from XPS)
compared to the 80 min annealed film (Figures S3 and S4 and
Table S4).
The remaining J−V hysteresis behavior for the prolonged

annealing time is assumed to be related to electrode or dipolar
polarization.23−26 A possible origin of electrode polarization is
accumulation of charge carriers at the interface between PSK
and selective contacts. The accumulation of charge carrier was
reported to be associated with mobility of selective contacts
affecting charge extraction efficiency from PSK to selective
contacts.24,42 The charge extraction efficiency is assumed to be
similar regardless of thermal annealing time in this work
because all the devices incorporate same selective contacts.
Another possible origin of electrode polarization was suggested
to be ion migration, which was found to be dominant through
grain boundaries.43,44 Ferroelectric polarization is also one of
responsibilities for hysteresis, which was reported to depend on
grain size and composition of PSK layer.17,26 Because the
morphology of the PSK layer is preserved regardless of thermal
annealing time, degree of ion migration or ferroelectric
polarization in the PSK layer is expected to be similar.
Therefore, the observed tendency in HI might be predom-
inantly attributed to change in trap density in the PSK layer.
Conductive atomic force microscopy (c-AFM) is measured

to investigate electrical conductivity of the FA0.9Cs0.1PbI3 PSK
films formed from different annealing time (Figure 6). Two
PSK films, coated on ITO substrate and annealed for 5 and 80
min, are prepared for c-AFM study. Measurements are carried
out under room light at bias voltage of 500 mV. In topological
images in Figure 6a,b, no significant difference is observed
between 5 min annealed sample and 80 min annealed one,
which is consistent with SEM images. On the other hand,
current is significantly higher for 80 min annealed film than for
5 min annealed one (Figure 6c,d), which is very consistent with
the PL results of longer charge carrier lifetime and lower trap
density for prolonged annealing time. Notably, current at both
grains and grain boundaries is highly enhanced, which implies
that both surface and bulk traps are significantly reduced by the
thermally induced PbI2 by longer annealing time.
Figure 7a shows the best performing 80 min annealed

FA0.9Cs0.1PbI3 PSK solar cell achieved by optimizing precursor
solution. From the reverse scan, PCE of 20.36% (JSC, 24.10
mA/cm2; VOC, 1.10 V; and FF, 0.768) is demonstrated. The
integrated JSC based on external quantum efficiency (EQE)
spectrum is calculated to be 20.57 mA/cm2. The relatively large
discrepancy (∼17%) between JSCs measured using solar
simulator and calculated from EQE is probably due to slow
response of photocurrent and/or white light soaking effect as
observed in previous report with similar device architecture
(FTO/compact-TiO2/FA0.9Cs0.1PbI3/spiro-MeOTAD/Ag)
along with contribution of capacitive current in J−V curves.
Steady-state Jsc and PCE under illumination can give more
accurate and reliable values. The stabilized PCE is measured to
be 18.84% under constant illumination and at bias voltage of
0.921 V (Figure 7b).
In conclusion, herein we investigated the correlation between

defects in PSK layer and the current−voltage characteristics.
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The native defect density in PSK layer was controlled by
thermally induced PbI2 without significant change in
morphology and crystallinity of the film. Strong correlation
between the defect density and J−V hysteresis was confirmed
from device characterization and PL measurement, in which
higher defect density was found to significantly contribute to
the J−V hysteresis and degradation of photovoltaic perform-
ance. Decoupling morphology and crystallinity factor, which
can affect other possible factors for hysteresis, allow us to
confirm direct correlation between native defect density in PSK
layer and J−V hysteresis phenomenon. Finally, stabilized PCE
of 18.84% was demonstrated with the planar FA0.9Cs0.1PbI3
PSK solar cell using optimized thermal annealing process.
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