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ABSTRACT: Using time-resolved photoluminescence
and transient absorption measurements at room temper-
ature, we report excitation-intensity-dependent photo-
carrier recombination processes in thin films made from
the organo-metal halide perovskite semiconductor
CH;NH,PbI; for solar-cell applications. The photocarrier
dynamics are well described by a simple rate equation
including single-carrier trapping and electron—hole
radiative recombination. This result provides clear
evidence that the free-carrier model is better than the
exciton model for interpreting the optical properties of
CH;NH;PbI;. The observed large two-carrier recombina-
tion rate suggests the promising potential of perovskite
semiconductors for optoelectronic device applications.
Our findings provide the information about the dynamical
behaviors of photoexcited carriers that is needed for
developing high-efficiency perovskite solar cells.

H alide-based perovskite semiconductors CH;NH,;PbX; [X
= Cl, Br, or I] have recently attracted increasing attention
due to their advanced optoelectronic properties for device
applications such as photovoltaic cells and light-emitting
devices.'™® Perovskite-based solar cells, which combine high
efficiency, low cost, and high flexibility, were originally
developed from a type of sensitized solar cells, in which the
halide perovskite semiconductors are used as light-harvesting
sensitizers.' > More recently, planar heterostructured perov-
skite solar cells were also developed, implying that the working
principle of perovskite solar cells is gluite different from that of
conventional sensitized solar cells.”” The power conversion
efficiency (PCE) of perovskite solar cells currently reaches
values of nearly 20%, which is almost twice as large as that in
the most efficient sensitized solar cells.'®*! For this reason, it is
important to determine the key features that provide the high
PCE of perovskite solar cells. It has been noted that
CH;NH,;PbX; displays a lon% carrier diffusion length'>"* and
ambipolar carrier conduction;'* these effects would be expected
to serve as the dominant mechanisms supporting the high
performance of perovskite solar cells. The estimation of the
carrier diffusion length is based on a time-resolved photo-
luminescence (PL) analysis under the assumption of a one-
dimensional exciton diffusion model.'*'* However, this
explanation still left unsettled and under active discussion
whether it is the exciton or the free-carrier model that is more
appropriate for interpreting optical properties in perovskite
semiconductors. The optimal device structures and efficiency-
determining factors strongly depend on whether excitons or
free carriers are dominant."”
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Moreover, even the fundamental properties of photoexcited
states in halide perovskite semiconductors remain unclear, and
this prevents us from attaining a deeper understanding of the
photovoltaic properties. Since the photoconversion processes
are driven by transiently photoexcited electrons and holes, it is
necessary to study the dynamical optical properties. We have
previously reported the static near-band-edge optical properties
of CH;NH;Pbl; and accurately determined the direct band gap
energy of CH;NH;PbI; on mesoporous TiO, electrodes to be
1.61 eV.'® Based on the above research, in this work, we
combine time-resolved PL and TA measurements in order to
gain a deeper understanding of the dynamical behavior of
photocarriers."”

In order to deposit the perovskite layer, we used a sequential
deposition method in an inert glovebox (Ar; H,O and O,, < 0.1
ppm) using dehydrated (H,O, < 8 ppm) solvents and Pbl,
(H,O, < 100 ppm). Our method using dehydrated materials'®
enables the highly reproducible fabrication of solar cells. A
typical I-V characteristic of our solar cell device is shown in
Figure la. The obtained short-circuit current (Js¢), open-circuit
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Figure 1. (a) Photocurrent density—voltage curves of perovskite-based
solar cells. Photographic top view of (b) a solar cell and (c) a thin
perovskite sample on a glass plate.
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voltage (Voc), and fill factor (FF) were 19.5 mA/cm? 0.99 V,
and 0.68, respectively. The PCE was 13.2%. In a similar
manner, we fabricated a thin layer of perovskite on a glass plate.
Thus, Pbl, was deposited on the plate by spin-coating a
solution of PbL, in DMF (1.0 M) at 70 °C. After annealing (70
°C, 1 h), the film was dipped for 40 s in a 0.06 M solution of
CH;NHj,I in 2-propanol to produce a thin layer of red-black
perovskite (see Figure 1b). The film thickness was estimated to
be 280 nm by scanning electron microscopy (SEM) measure-
ment. Samples were kept in transparent acryl boxes filled with
argon gas before and during measurements to keep the samples
from being exposed to air in order to prevent degradation
caused by oxygen and humidity. Before the experiments, the
samples were left in the boxes for more than 3 days after
fabrication to allow the material properties to stabilize. The
need for such a stabilization procedure has been mentioned in
previous reports.12

Time-resolved PL measurements were conducted with a
monochromator and a streak camera. The time resolution of
PL measurements was 20 ps. The femtosecond TA measure-
ments were carried out with a standard white-light pump—
probe method. The light source was a wavelength-tunable
femtosecond laser system (pulse width: 300 fs, repetition rate:
50 kHz). The excitation photon energy was fixed at 1.8 V. All
experiments were conducted at room temperature.

Figure 2 shows the two-dimensional (2D) contour image of a
typical time-resolved PL spectrum of a CH;NH;Pbl; thin film
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Figure 2. Two-dimensional contour image of time-resolved PL spectra
for a CH3;NH;Pbl; film. The inset shows the PL spectra at different
delay times under an excitation of 200 nJ/cm?”. The optical density
spectrum is also plotted.

at room temperature under an excitation of 200 nJ/cm” The
PL peak is located at 1.59 eV, and the shape of the spectrum is
independent of the time elapsed after excitation, as shown in
the inset. The inset shows the results of integrating the PL
spectra between 0.6 and 1.0 us and between 0 and S ns, as
indicated by the red and blue lines, respectively. The PL
intensity was normalized, and the two spectra were offset from
one another for clarity. The optical absorption spectrum is also
plotted in the same figure in green. The near-band-edge optical
absorption has no excitonic peak structure at room temperature
and shows an abrupt increase in the absorption coeflicient that
is typically observed in direct-gap semiconductors. The PL
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spectrum has no significant Stokes shift, indicating that the PL
reflects the recombination of band-edge electrons and holes
(free excitons or free carriers). Also, we confirmed that the
shape of the PL spectrum is independent of the excitation
intensity and photon energy, as reported by previous studies.®
We used this band-edge PL as a probe to study the carrier
recombination and relaxation dynamics in CH;NH,Pbl; thin
films.

Figure 3a shows the PL decay dynamics under different
excitation intensities monitored at 1.59 eV. The PL intensity
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Figure 3. (a) PL dynamics of a CH;NH,Pbl, film under different
excitation intensities. (b) Excitation-intensity dependence of the PL
intensity and effective PL lifetime. The initial photocarrier density n is
shown along the top axis. The dotted lines are intended to help guide
the eye.

was normalized to the peak intensity for comparison. Under
excitation intensities of less than 20 nJ/cm?, the PL dynamics
display a slow and nearly monoexponential decay profile with a
lifetime of ~140 ns. When the excitation intensity exceeds 20
nJ/cm? a fast and nonexponential component appears.

Figure 3b summarizes the effective PL lifetime and PL
intensity just after the excitation as a function of excitation
intensity. The initial photocarrier density calculated using the
optical absorption coeflicient in ref 12 is also shown on the top
axis of this figure (where the optical penetration depth at 1.8 eV
is 250 nm). The effective PL lifetime t,,, is defined by Ip;(t,/,)
= Ip;(0)/e, where Ip, (t) represents the PL decay dynamics. We
examined another typical definition of t,,, / Ve I () dt = / by
Ip (t) dt/e, and confirmed that similar results are obtained using
this definition. The PL intensity just after the excitation shows a
quadratic dependence on the excitation intensity for values
above 20 nJ/cm® The two-photon absorption process is not
relevant to this power dependence, as will be discussed later.
This result means that the origin of the PL is a radiative two-
carrier (nongeminate) recombination process involving elec-
trons and holes,"® but not excitons. Considering the small
Stokes shift of the energy associated with the peak of the PL
spectrum, we can conclude that the band-to-band radiative
recombination between free electrons in the conduction band
and free holes in the valence band occurs in CH;NH;Pbl;.

Below excitation intensities of 20 nJ/cm?, the PL intensity
has a linear dependence on the excitation intensity. It should be
noted that the shape of the PL spectrum in such a weak-
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excitation regime is the same as that under strong excitation,
indicating that the PL mechanism is the same for these
excitation regimes. Therefore, we can conclude that the
recombination of photoexcited carriers and unintentionally
doped carriers in the sample is the dominant light-emission
mechanism under weak excitation. The photocarrier density at
the crossover point (~1 X 10" cm™) corresponds to the
carrier density resulting from unintentional doping in this
sample.

The PL lifetime decreases in inverse proportion to the
excitation intensity at excitations above 20 nJ/ cm?, while it
stays almost constant under weak excitation. This also indicates
that the two-carrier recombination process is dominant under
strong excitation. Such power-dependent dynamics are well
explained by a simple rate equation that includes single-carrier
trapping and two-carrier (electron—hole) radiative recombina-
tion:

dn/dt = —A,n — Bnp (1a)
dp/dt = —A,p — Bnp (1b)
I, & Bnp + BNp + BNn (1¢)

Here n and p are the photoexcited electron and hole densities.
A, A, and B represent the electron trapping rate, the hole
trapping rate, and the two-carrier radiative recombination
coefficient, respectively. N, and N, are the electron and hole
densities caused by unintentional doping in the sample.
Because photoexcitation produces equal numbers of electrons
and holes (i.e,, n = p), the above equations can be simplified to
dn/dt = —An — Bn® and Ip; « Bn* + BNn, where A = (4, +
Ap)/Z and N = N, + N,. When the photocarrier density (n) is
much larger than the carrier density from unintentional doping
(N)," the effective PL lifetime can be approximately written as
tie = 1/(A + Bny), where ny is the photocarrier density just
after the excitation. This expression reproduces well the
experimental results shown in Figure 3b.

We performed global fitting of the PL dynamics shown in
Figure 3a to the rate equations. The fitting results are shown in
Figure 3a as solid lines; from this fit, we obtained the values A =
1.8 X 10" s™" and B = 1.7 X 107" s7' cm®. The radiative
recombination coefficient B for CH;NH;Pbl; is comparable to
that in typical direct-gap semiconductors (e.g,, GaAs: B & 7.2 X
1071% s7' cm?).*® Such a high B coefficient is caused by the
direct allowed interband optical transition. Also, a large
oscillator strength is theoretically predicted for the band-to-
band transition, which is comparable to those in conventional
II-V semiconductors such as GaAs.”' This result indicates a
promising potential for optoelectronic device applications such
as light-emitting devices and lasers. The high B coeflicient can
account for the lasing effect in CH;NH;PbI,.*

It should be noted that the A coefficient is sensitive to small
differences in the sample fabrication conditions; this parameter
ranges from 1.3 to 1.9 X 107'% s™! cm? in our experiments. The
typical A coefficient (which represents the PL decay rate under
weak excitation) in our sample is much smaller than that
previously reported."”"® This suggests that our sample is of
high quality and has fewer carrier-trapping centers such as
defects and impurities compared with the samples in previous
reports.

To confirm our carrier recombination model, TA spectros-
copy was also performed. Figure 4a shows the optical density
change (AOD) caused by pump excitation under different
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Figure 4. (a) TA dynamics of a CH;NH,Pbl; film under different
excitation intensities. The inset shows the TA spectra at different delay
times (0—0.4 ns, 0.9—1.3 ns, and 2.2—2.4 ns). (b) Excitation-intensity
dependence of the TA intensity and effective TA lifetime.

excitation intensities. As shown in the inset of Figure 4a, the TA
spectrum shows a dip at 1.61 eV (which is approximately equal
to the band gap energy'®) that is caused by photobleaching, and
the shape of the spectrum is independent of delay time, photon
energy, and intensity. The bleaching-signal intensity reflects the
band-edge photocarrier density. We monitored the temporal
change in TA at 1.61 eV. The TA signal rises just after the
excitation within a pulse width (~300 fs), which means that the
intraband carrier relaxation occurs on a very short time scale
and is consistent with the previous reports.> As with the PL
dynamics, the TA dynamics show a strong excitation-intensity
dependence: the TA lifetime becomes shorter with increasing
excitation intensity.

The TA intensity and effective lifetime are summarized in
Figure 4b. The TA intensity just after the excitation (~2 ps)
linearly depends on the excitation intensity because the TA is
proportional to the photocarrier density. On the other hand,
the lifetime is inversely proportional to the excitation intensity.
Note that we could not accurately characterize TA lifetimes
longer than 2 ns because of the limited delay stage length. We
calculated the TA lifetime using B = 1.7 X 107'% s7! cm?; the
results are shown by the dashed line in Figure 4b. This
theoretical calculation reproduces the data well. Therefore, we
can conclude that our TA results agree well with those of PL
measurements and are consistent with our carrier recombina-
tion model as described by eqs la—Ic.

Finally, we discuss the exciton and free-carrier models in
CH;NH;PbI; perovskite semiconductors. The data in the
literature for the exciton binding energy in CH;NH;PbI; range
between 25 and 37 meV,** which is large en0u§h that the
excitonic effect should appear at room temperature.”> However,
no excitonic effects appear in near-band-edge optical spectra at
room ternperature.15 In addition, as demonstrated in this study,
recombination of free electrons and holes dominates the
relaxation processes of photoexcited states. We believe that the
exciton binding energy is actually much smaller than the
thermal energy at room temperature. We think that this
discrepancy comes from the fact that the reported binding
energy was evaluated based on low-temperature experiments.
Because of the phase transition at 160 K** the room-
temperature exciton binding energy can be significantly
different from that at low temperatures, as theoretically
predicted.*®
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In conclusion, we have studied the photocarrier recombina-
tion and relaxation dynamics of CH;NH,PbI; thin films by
means of time-resolved PL and TA spectroscopy. We revealed
that the PL intensity just after the excitation shows square
dependence on the excitation intensity, meaning that the
radiative recombination of free electrons and holes is dominant
for PL processes and the exciton model is not appropriate at
room temperature. This result suggests that the working
principle (and therefore the optimal device structure) of the
perovskite solar cells should be different from organic
photovoltaics as well as conventional sensitized solar cells.
Perovskite semiconductors are quite different from the organic
semiconductors for photovoltaic applications whose recombi-
nation dynamics are usually dominated by excitons.”® The
estimated radiative recombination rate of CH;NH;PbI; is
comparable to that of typical direct-gap semiconductors used in
optoelectronic devices. Our findings provide deep insights into
the fundamental optical processes in CH;NH;Pbl;, and such
insights are essential for the further development of highly
efficient solar cells and other optoelectronic devices based on
halide perovskite semiconductors.
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