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ABSTRACT: The carrier lifetime and the doping property of the lead halide
perovskites are essential factors determining their application in solar cells.
Hence, these two factors of the perovskite (CH;NH;PbL;) film were managed
by postannealing, and the underlying mechanisms governing their effects on the
photovoltaic performance of the solar cells were investigated. The short carrier
lifetime from electron-hole bimolecular recombination, corresponding to the
fast decay of photoluminescence, is achieved in perovskite films annealed at
high temperatures. The doping property of the perovskite varies from p-type,
intrinsic to n-type with increasing annealing temperature. The short carrier
lifetime and the intrinsic feature of the perovskite benefit for high open circuit
voltage of the corresponding solar cells, whereas the n-type doped perovskite
leads to the high photocurrent and efficiency. Through the management of the
carrier lifetime and the doping property, highly efficient perovskite solar cells
with conversion efficiency over 17% were prepared. These results provide new
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insights into the underlying relations between the perovskite properties and the device performance.

L ead halide perovskite materials (CH;NH,PbX;, X = Cl, Br,
and I) have shown great promise for application as active
materials in solar cells in the past several years.' > The power
conversion efficiency (PCE) of lead halide perovskite based
thin film photovoltaic devices has increased to more than
20%.>° Carrier lifetime measured by transient photolumines-
cence (PL) decay is one of the key parameters evaluating the
film quality of the perovskites.”” The recombination kinetics
of photogenerated carriers have been described as trap-assisted
monomolecular recombination or the combination of trap-
assisted monomolecular recombination and electron-hole
bimolecular recombination.'” The presence of bimolecular
recombination accelerates the PL decay, which shows a much
shorter carrier lifetime. Typically, it is considered that longer
carrier lifetime indicates better film quality and device
performance,””"” especially in the condition of the carrier
recombination governed by the monomolecular recombination.
However, it is also proposed that bimolecular recombination
promotes high device performance. Because large perovskite
grains with few trap states shows bimolecular recombination
and high device efficiency, whereas the perovskite films with
trap states presents monomolecular recombination and low
device efﬁciency.13 Hence, the underlying relations between
carrier lifetime and device performance are still open questions

and need to be further addressed.
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Meanwhile, the perovskite shows high carrier mobility for
electrons and/or holes,"*™"” making its performance excellent
in perovskite solar cells. The perovskite (CH;NH,PbI;)
without intentional doping can be p-type'® or n-type'” due to
the presence of the defects induced by vacancies or
interstitials.'® In most kinds of the solar cells, the doping of
active materials is essential for the formation of the p—n
junction to separate the carriers and reduce carrier recombi-
nation in the heterojunction. Hence, p-type or n-type doping of
the perovskite enables it to establish heterojunction with other
materials.'”~>* However, the doping of the perovskite is found
to deteriorate photovoltaic performance of the solar cells,
deriving from the reduced carrier mobility by the large amount
of scattering centers in the doped perovskite.”” Therefore, the
correlation between the doping property and the device
performance is still unclear.

Here, we managed the carrier lifetime and the doping
property of the perovskite (CH;NH;PbI,) films and explored
the underlying relations between film properties and photo-
voltaic performance of the solar cells. It is shown that shorter
carrier lifetime induced by the bimolecular recombination and
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Figure 2. Transient PL decay profiles of the perovskites annealed at (a) different temperatures and for (b) different times excited by a 635 nm pulse
laser. (c) Steady PL spectra and (d) absorption spectra of the perovskite films annealed at different parameters. The inset of (c) shows the trap states
assisted PL spectra extracted from the whole PL spectra by gaussian fitting.

intrinsic doping of the perovskite favor high open circuit
voltage of the related solar cells. The unintentionally n-type
doped perovskite leads to higher photocurrent and device
efficiency. The solar cells based on perovskite films with short
carrier lifetime and the n-doping feature exhibit high power
conversion efficiency over 17%.

The as-fabricated perovskite films, with a sequential,
solution-processed deposition method from Pbl, and
CH;NHS,I solutions, all exhibit the typical tetragonal crystalline
structure, as evidenced by X-ray diffraction (XRD) and
scanning electron microscope (SEM) measurements. As
shown by XRD spectra in Figure la, all of the perovskite
films present the typical tetragonal crystalline structure with
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diffraction peaks located at 14.6° and 29.0° corresponding to
the (110) and (220) planes.’ The peaks located at 38.2°
represent (200) planes of F-doped tin oxide (FTO) substrates.
It is also observed that after the postannealing process, the
crystallinity of the perovskite film is improved with relatively
high diffraction intensities. In the case of annealing at 100 °C
for 60 min, a diffraction peak located at 13.2° representing the
(001) plane of Pbl, hexagonal 2H polytype phase* is observed,
which indicates that the perovskite is decomposed to Pbl, by
some extent after annealing for a long time. The typical SEM
image of the perovskite films is shown in Figure 1b. The film
shows high quality with multiple grains covering compactly on
the substrate. No pinholes are observed in these films.

DOI: 10.1021/acs.jpcc.5b06859
J. Phys. Chem. C 2015, 119, 22812-22819


http://dx.doi.org/10.1021/acs.jpcc.5b06859

The Journal of Physical Chemistry C

Table 1. Photoluminescence (PL) Decay Parameters, Emission Peak, and Emission Sites of the Perovskite Films Prepared

under Different Post-Annealing Processes

annealing parameters none
bimolecular recombination rate (s™') at 0—20 ns” 4.0 x 10°
monomolecular recombination lifetime (s) at 20—100 ns 440 + 1.8
absorption coefficient (cm™) at 635 nm 2.9 x 10*
emission peak (nm) 760, 778
emission sites less

60 °C 100 °C 130 °C 160 °C
40 x 10° 82 x 10° 8.8 x 10° 8.3 x 10°
449 +2.0 / / 27.6 + 2.0
3.7 x 10* 3.9 x 10* 4.5 x 10* 40 x 10*
760, 778 760 760 760
less more more more

“The recombination rate constant a equals BAny, where B and An, represent bimolecular recombination coefficient (cm® s™") and the excess carrier

concentration (cm™) at t = 0.
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Figure 3. (a) Schematic image of the laser confocal microscopy and (b and c) the measured spatial PL images from the perovskite films annealed at

low and high temperatures, respectively.

The Transient photoluminescence (PL) technique is
employed to estimate carrier lifetime, and the decay curves
measured from the perovskite films on glass substrates annealed
at different temperatures are shown in Figure 2a. In general, the
PL decay profile depends heavily on both of the film
performance and the excitation energy.'”** Here, the excitation
energy of the perovskite films is nearly identical, which is lower
than 3 nJ/cm? and causes the PL decay curves to present
stretching exponential profiles. As shown in Figure 2a, PL decay
is governed by a fast bimolecular recombination process (short
carrier lifetime) at the initial stage and slow monomolecular
recombination (long carrier lifetime) at the long time scale. In
perovskites, bimolecular recombination is caused by the
recombination of photogenerated electrons and holes, whereas
monomolecular recombination is from photoexcited carriers
and unintentionally doped carriers (trap states).'"” From the
decay profiles of the perovskite films, it is clear that the
proportion of monomolecular recombination first decreases
with increasing annealing temperature and then increases in the
condition of 160 °C. In addition, the proportion of
monomolecular recombination also decreases with increasing
annealing time, as shown in Figure 2b. The bimolecular
recombination rate a and the monomolecular recombination
lifetime 7 were estimated by fitting the decay curves with the
expressions I = I,(1 + at)™ and I = Ie™"", respectively. The
results are listed in Table 1.

From Table 1, it is clear that bimolecular recombination rate
is high in perovskite films annealed at high temperature,
whereas monomolecular recombination is more obvious in
perovskite films annealed at lower temperature and 160 °C.
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The dominant bimolecular recombination is found to be
accompanied by less trap states and benefit for highly efficient
solar cells."® In this context, the bimolecular recombination in
perovskite films annealed at high temperature is also probably
correlated with the reduced trap states. The radiative trap states
are investigated by steady PL spectra, as shown in Figure 2c.
For the condition of perovskite annealed at low temperature, a
PL peak located at 778 nm can be observed, which represents
trap-assisted emission.”® Upon increasing the annealing
temperature, only the emission peaked at 760 nm from the
interband transition between the electrons in the conduction
band and the holes in the valence band are observed, indicating
low density of radiative trap states in these perovskite films.
Hence, trap-assisted monomolecular recombination is weak in
these films. It is worth noting that the changes in PL decay and
spectra with annealing temperature are not caused by the
change in excitation intensity. The excitation energy is set to be
identical for all of the films, whereas the absorption intensities
of these films are also similar. As shown in Figure 2d and Table
1, the variation of the absorption intensity varies with annealing
temperature and time is not consistent with that of the PL
decay, implying the differences in absorption intensities are not
the origins for the variation of the PL decay.

The varied nonradiative trap states in the perovskite films by
the annealing temperature are also characterized using a
confocal laser microscope, which measures the spatial
distribution of the emission sites in the films. Schematic
illustration of the confocal laser microscope is shown in Figure
3a. The focus can be adjusted, which enables the character-
ization of the emission from different regions. Here, to avoid
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the surface effect, PL images were recorded in the condition of
the focus locating in the bulk. The spatial PL images from the
perovskites annealed at different temperatures are shown in
Figure 3 (panels b and c), representing for the cases of low and
high annealing temperature, respectively. The emission sites are
increased obviously by increasing annealing temperature, which
indicates that a lower density of the nonradiative trap states
exist in perovskite films annealed at high temperature than that
at low temperature.

Hence, the varied PL decay of perovskite films by annealing
temperature derives from the modification of the trap states.
The reduction of radiative and nonradiative trap states in
perovskite film annealed at high temperature is probably
associated with less unintentionally doped carriers in the
corresponding film. Meanwhile, from the above results and
discussion, it can also be seen that long carrier lifetime is not an
essential indicator of good film quality of the perovskites. The
correlation between carrier lifetime and film quality depends on
the origin of recombination processes. Furthermore, it needs to
be pointed out that the carriers detected by PL measurements
possess a small part of photogenerated carriers. The electron-
to-photon conversion ratio of the perovskite (<5%, light-
emitting diodes) is much lower than the photon-to-electron
conversion ratio (>60%, solar cells),”’ suggesting that lots of
carriers contributing to the photocurrent are not radiative and
not able to be detected by PL measurements.

To investigate the doping property of the perovskite films, X-
ray photoelectron spectroscopy (XPS) measurements were
carried out on the perovskite films fabricated on FTO/glass
substrates. As shown in Figure 4a, the distance between valence
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Figure 4. (a) XPS and (b) schematic energy level diagram of the
perovskites annealed at different temperatures.

band and Fermi level of the perovskite increases with increasing
annealing temperature. The estimated values of the Fermi level
refering to the valence band are shown in Figure 4b. The Fermi
level locates 0.4 eV away from the valence band in perovskite
without annealing, which shifts to 0.95 eV in perovskite
annealed at 160 °C. With consideration of its bandgap of 1.5
eV,” it is seen that the perovskite presents p-type doping,
intrinsic to n-type doping with increasing annealing temper-
ature, as depicted in Figure 4b.

The doping feature of the perovskite films in real devices was
also characterized by Mott—Schottky analysis. The Mott—
Schottky plot of inverse square capacitance (C>7) versus
applied voltage (V) yields a straight line with its slope inversely
proportional to the doping concentration, as marked in Figure

5 by the dashed lines. The doping concentration is determined
by
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Figure 5. Capacitance—voltage curves and Mott—Schottky plots of the
solar cells based on perovskite films annealed at different temperatures.
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where ¢, € and A represent for electron charge, dielectric
constant, and device area, respectively. The calculated N values
in condition of £ = 200g, for perovskite* are shown in Table 2,
which are comparable to previous reported values for
perovskites measured with the Hall Effect measurement.”
From Figure S and Table 2, it can be seen that the doping
concentration, which changes inversely with the slope of the
Mott—Schottky plot, first increases with increasing annealing
temperature and then decreases. Therefore, the doping
concentrations in the solar cells with perovskite films annealed
at 100 and 130 °C are lower than these in solar cells annealed
at other temperatures. As only annealing temperature of the
perovskite is varied, the change in the doping concentration of
the solar cells reflects the corresponding change in the doping
concentration of the perovskite films. Hence, Mott—Schottky
analysis reveals the correlation between the doping property
and the annealing temperature of perovskite film, which is
similar to XPS results.

The high doping concentration leads to enhanced recombi-
nation between doped carriers and photocarriers, causing a
large proportion of monomolecular recombination in PL decay
of the related perovskite films. The doping feature of as-
prepared perovskite films derives from the defects. In
CH;NH;Pbl;, the defects with low formation energies are
mainly Pb vacancies, I interstitials, and CH;NH; interstitials as
calculated by density functional theory (DET)," in which Pb
vacancies and I interstitials create p-type doping while CH;NH;
interstitials create n-type doping. The as-prepared perovskite
crystal without annealing is nonstoichiometric with Pb
vacancies and/or I interstitials because the fabrication of
perovskite film employs a sequential deposition method in
which CH;NH,! is excess (the atom ratio of I to Pb exceeds 3
calculated from XPS spectra). With increasing annealing
temperature, Pb vacancies and/or I interstitials are reduced,
accompanying with the removing of excess CH;NH,], leading
to the weakened p-type doping of the films. At even higher
temperature (160 °C), the continued removal of CHy;NH,I

DOI: 10.1021/acs.jpcc.5b06859
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Table 2. Doping Properties of the Perovskite Films Obtained from XPS Measurement and Mott-Schottky Analysis Carried on

Perovskite Films and Solar Cells, Respectively

annealing parameters none 60 °C 100 °C 130 °C 160 °C
doping type p P intrinsic intrinsic n
doping concentration (cm™) 5.0 x 10" 1.5 x 107 34 x 10" 2.8 X 10" 6.3 x 10"
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Figure 6. (a) J—V curves of the solar cells with perovskite films annealed at different temperatures. (b) Jsc and (c) Vo decay curves of the solar cells.

J—V curves were measured in reverse scan.

Table 3. Photovoltaic Parameters of the Solar Cells with Perovskite Films Processed under Different Temperatures”

best values” average values®
annealing temperature Jsc (mA/cm?) Voc (V) FF PCE (%) Jsc (mA/cm?) Voc (V) PCE (%)
60 °C 12.9 0.95 0.49 6.0 10.8 + 1.6 0.95 + 0.03 5.0+ 13
100 °C 19.6 1.06 0.74 15.4 179 £ 1.0 1.0§ + 0.01 145 + 1.0
130 °C 21.5 1.01 0.74 16.0 20.6 + 0.8 1.03 + 0.02 149 + 0.9
160 °C 21.0 1.02 0.76 16.4 20.8 + 0.6 1.02 + 0.01 16.0 + 0.7

“All of the solar cells were fabricated in a same batch. “The best values obtained from the solar cells with the highest efficiency. “The values and the
corresponding standard deviations were obtained by the average of 4 identical cells.

leads to Pb-rich/I-poor condition, and changes the doping
property of the perovskite film to be n-type.

The doping property of the perovskite film will influence the
photovoltaic performance of the solar cells in two aspects. The
first one is its effect on bulk carrier recombination (i.e., doped
carriers will increase carrier recombination in perovskite film).
The other one is its effect on built-in potential of the solar cells,
which will affect carrier distribution and surface/interface
recombination. The variations in the carrier distribution and
recombination will change short circuit current density (Jsc)
and/or open circuit voltage (V) of the solar cells, leading to
the different power conversion efficiencies (PCE).

Photocurrent—voltage (J—V) curves of the solar cells using
perovskite films with different carrier lifetimes and doping
properties are shown in Figure 6a. The photovoltaic parameters
including Jsc, Voo fill factor (FF), and PCE are extracted and
listed in Table 3. Solar cells with perovskite films annealed at
low temperature (60 °C) show lower Jgc, Vo, and PCE. With
increasing annealing temperature, Jsc increases consistently,
whereas V¢ achieves the highest value in the condition of 100
°C. PCE increases consistently with increasing annealing
temperature, reaching an average value of 16.0% at the
annealing temperature of 160 °C. It is worth noting that
solar cells utilizing perovskite films annealed at 160 °C achieve
better performance than these annealed at 100 °C (i.e., the
typically used temperature in fabricating perovskite solar cells).
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By comparing the relations between PL decay and photovoltaic
parameters, it can be found that perovskite films with fast PL
decay annealed at high temperatures (low carrier lifetime)
promote relatively high Jsc and PCE. Furthermore, the doping
property of the perovskite film plays an important role in
determining photovoltaic parameters of the solar cells. The
perovskite film without unintentional doping (intrinsic,
annealed at 100 and 130 °C) enables high V¢ of the related
solar cells. The perovskite film with n-type unintentional
doping (annealed at 160 °C) enables moderate Vi and high
Jsc, leading to the highest PCE among the solar cells annealed
at different temperatures.

To get an insight in the effect of trap states on photovoltaic
performance of the solar cells, transient Jgc and V¢ profiles
were measured. The carriers trapped by the trap states will lead
to slow response of the photocurrent through the delay in
charge transport by trapping and detrapping processes. The
untrapped carriers, either radiative or nonradiative, lead to fast
generation of the photocurrent favored by the high mobility of
perovskite. As shown in Figure 6b, Jsc rises fast in solar cells
with perovskite films annealed at high temperature, indicating a
large proportion of untrapped carriers in corresponding
perovskite films. This observation is in accordance with the
deduction from PL measurements. In addition, V- also shows
slow decay in perovskite solar cells annealed at high
temperature (Figure 6¢), as is consistent with the reduced

DOI: 10.1021/acs.jpcc.5b06859
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and (b) working mechanism of the perovskite solar cells. (c)

Simulated carrier distribution and (d) recombination in perovskite solar cells.

number of trap states which cause the carrier recombination
and reduce the photovoltage.

The underlying mechanism determining the dependencies of
device performance on carrier lifetime and doping property of
the perovskite films are depicted in Figure 7 (panels a and b).
As shown in Figure 7a, in the absence of trap states, the
photoexcitation of the perovskite causes the generation of
excited electrons and holes, leading to the radiative
recombination creating interband luminescence or the long-
lived nonradiative carriers. Hence, the detected PL decay is
governed by electron-hole bimolecular recombination. In the
presence of trap states, as also shown in Figure 7a, numerous
excited holes or electrons are trapped, followed by radiative
recombination creating trap-assisted luminescence or non-
radiative recombination. Therefore, monomolecular recombi-
nation induced by the trap-assisted recombination is obvious in
perovskite films with more trap states. In perovskite solar cells,
as depicted in Figure 7b, the presence of trap states will cause
losses in carrier collection, leading to low Jsc. Thereby, the solar
cells employing perovskite films with slow PL decay (long
carrier lifetime), corresponding to the presence of trap states,
yield lower Joc than that with fast PL decay (short carrier
lifetime).

Meanwhile, the doping property of the perovskite film also
affects the device operation. As shown in Figure 7b, perovskite
solar cells are based on p-i-n heterojunction established across
the TiO, /perovskite/hole transport material (HTM) stack. In
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condition of the doped perovskite, the bulk recombination of
minority carriers in the heterojunction is enhanced, leading to
reduced V¢ in doped solar cells compared to intrinsic solar
cells. Meanwhile, the doping property also influences Jg¢ of the
solar cells, which is revealed by device simulation with
wxAMPS.*® As shown in Figure 7c, electrons are facilely
extracted by TiO, from perovskite, whereas holes are
accumulated in perovskite and near perovskite/HTM interface
in the solar cells with intrinsic perovskite film, deriving from n-
type doped character of TiO, and the organic feature of HTM.
Hence, carrier recombination is obvious in the region
approximating the perovskite/HTM interface (Figure 7d).
For the condition of p-type doped perovskite (Figure 7d),
carrier recombination is more intense near this interface and in
the perovskite film, causing significant carrier losses. For the
condition of n-type doped perovskite, carrier recombination
close to this interface is reduced, due to the enhanced electric
field at the perovskite/HTM interface that favors the separation
of electrons and holes. The low recombination rate near the
perovskite/HTM interface benefits carrier collection, which
leads to increased J¢ in intrinsic and n-type doped perovskite
solar cells.

On the basis of the above mechanisms, it can be deduced
that perovskite solar cells with short carrier lifetime and weak n-
type doping will exhibit excellent performance. Hence, the solar
cells with perovskite films annealed at 150 °C for 30 min, which
are supposed to possess shorter carrier lifetime and weaker n-

7 DOI: 10.1021/acs.jpcc.5b06859
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type doping compared to the perovskite films annealed at 160
°C for 30 min, were prepared. The J—V curve from the device
with the best performance is shown in Figure 8. The solar cell

(]
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Figure 8. J-V curve of the champion solar cell with perovskite film
annealed at 150 °C for 30 min.

yields a Jsc of 22.2 mA/cm? a Vg of 1.05 V, and a FF of 0.75,
leading to a PCE of 17.5%. The average values of the
photovoltaic parameters are also estimated from 10 identical
solar cells, which show an average Jc of 21.6 mA/cm?, V¢ of
1.03 V, and PCE of 16.5%. All of these parameters are much
superior to these from solar cells employing perovskite films
annealed at typically used conditions (100 °C), further
demonstrating the rationality of designing solar cells by
managing carrier lifetime and doping property of the perovskite
films.

In conclusion, the management of carrier lifetime and doping
property of solution processed, sequential deposited lead halide
perovskite films are achieved by postannealing processes and
the underlying mechanisms of their effects on device perform-
ance are explored. On the basis of the explorations, a rational
design of highly efficient perovskite solar cells is proposed (i.e.,
the perovskite films with short carrier lifetime induced by
bimolecular recombination and the weak n-type doping are
more efficient in the solar cells). The solar cells employing such
kind of perovskite films exhibit high conversion efficiencies with
the highest value of 17.5% and the average value of 16.5%. The
results provide insights into the inner properties of perovskite
films and the related device performance, which also provide an
efficient approach for the fabrication of highly efficient
perovskite solar cells.

B EXPERIMENTAL METHODS

Fabrication of CH;NH;Pbl; Films and Solar Cells.
CH;NH;PbI; films were fabricated using a sequential
deposition process.”** Pbl, was first loaded by spin-coating
from dimethyl sulfoxide onto a compact TiO, layer (spin-
coated twice for solar cell use) or glass substrates (for
photoluminescence measurements) and then dipped into a
solution of CH;NH,I in ultradry isopropanol for 10 min,
leading to the formation of CH;NH,;Pbl; films followed by
postannealing at different temperature and time. All of the
procedures were carried out in a glovebox filled with high purity
N,. The solar cells employ the planar architecture of a FTO/
compact TiO,/perovskite (~300 nm)/HTM/Au electrode. A
compact TiO, layer with a thickness of ~25 nm was fabricated
on FTO by TiCl, treatment.”’ An HTM layer (150 nm) was
obtained by spin-coating 2,2’,7,7'-tetrakis[N,N-di(4-
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methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-MeOTAD)
solution (dissolved in chlorobenzene) with standard additives
including tert-butylpyridine and lithium bis-
(trifluoromethanesulfonyl)imide in the glovebox, followed by
oxidation in clean air for 24 h. After that, Au electrode was
prepared by magnetron sputtering,

Characterization and Device Simulation. Transient PL
decay of the perovskite films on glass substrates was measured
using a transient state spectrophotometer (Edinburgh Ins.
FL920) under the irradiation of a 635 nm pulse laser with
excitation energy around 3 n]/ cm?. Laser confocal microscope
measurement of the perovskite films on glass substrates were
conducted using Leica TCS-SPS with a 532 nm laser.
Capacitance—voltage and Mott—Schottky plots of the solar
cells with perovskite films annealed at different temperatures
were measured by an electrochemical working station (Zahner
Zennium) with a frequency of 500 Hz. Current—voltage curves
were measured using a source meter (Keithley 2400) under AM
1.5G irradiation with a power density of 100 mW/cm” from a
solar simulator (XES-301S+EL-100). Device simulation was
carried out using wxAMPS software, based on the planar
architecture of a FTO/compact TiO, (30 nm)/perovskite (350
nm)/ HTM (150 nm)/Au electrode. The doping concen-
trations, mobility, and other properties of the materials were
reference in the literature,">>>*>~**
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