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ABSTRACT: Hybrid organic/inorganic lead iodide perovskites of
the formula APbI;, where A is a molecular cation such as
methylammonium, exhibit remarkably slow photoinduced charge
carrier recombination rates, for reasons that remain uncertain.
Prevalent hypotheses credit this behavior to the unique dipolar
nature of the molecular cation. Herein, transient terahertz
all-inorganic,
perovskite-phase cesium lead iodide (CsPbl;) thin films, which

spectroscopy is applied to solution-processed,
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lack such a dipole. The recombination kinetics are studied as a function of the initial photoinduced carrier concentration
and the wavelength of excitation. A kinetic model combining diffusion and recombination is fit to the data, from which the

rate constants are determined, revealing a bimolecular recombination rate of 107"° cm
single-crystal, direct-gap semiconductors. This rate, as well as a charge carrier mobility > 30 cm> V™' s

3 57!, comparable to high-quality,

measured herein

for CsPbl;, are similar to values reported for the hybrid perovskites, strongly suggesting that the organic cation does not

confer a fundamental advantage.

rganic—inorganic hybrid perovskites (OHPs), with
O the formula ABXj, are under intense study as possible

next-generation photovoltaic absorber materials.
Devices made from compositions wherein A is an organic
cation such as methylammonium (MA) or formamidinium
(FA), B is lead (Pb), and X is iodide have achieved power
conversion efficiencies (PCEs) as high as 22%." This
performance is strongly determined by the product of the
charge carrier mobility (i) and the excited carrier lifetime (7),
which governs whether photoexcited carriers can be collected
in a photovoltaic device.”> Of particular interest are the
extremely high values of 7, which suggest that carrier
recombination is atypically slow in these materials.’”>
However, 7 is not a fundamental material parameter; it is
instead a function of the conditions of excitation. To highlight
the fundamentally anomalous recombination processes and to
create an absolute scale to define “slow” recombination, it is
sufficient to compare just the bimolecular recombination rate
constant to that predicted for two oppositely charged species
freely diffusing in a continuous medium. The observed
bimolecular recombination rate in hybrid lead halide perov-
skites is S orders of magnitude slower than this so-called
Langevin limit.>® Attempts to understand the origins of these
extraordinary recombination kinetics often evoke the unique
effects of the molecular dipole within the crystal structure.””~""
Interestingly, in this regard, the partial replacement of a fraction
of A-site cations with cesium to form “mixed cation”
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perovskites maintains the excellent charge carrier dynamics
observed when the A-site is purely organic.””~'® Here, we
investigate the impact of the complete replacement of the A-site
with cesium, yielding an all-inorganic CsPbl; perovskite, on the
excited charge carrier lifetime and mobility.

It is already known that CsPbX; (X = Br, I7) perovskites
have only slightly larger band gaps (E,p, = 2.36 €V; v E; =173
eV'®"”) in comparison to those of methylammonium lead
halide (MAPbX;) and a similarly high absorption coefficient™
and small exciton binding energy.”"”* CsPbX; perovskites have
very recently found uses in laser,”>** light-emitting diode,***’
photon detector,”® ** and photovoltaic'”*'~*° applications.
CsPbBr; has demonstrated slightly lower photovoltaic perform-
ance compared to its hybrid counterpart, MAPbBr;,'” however
with enhanced thermal stability.'”** More fundamentally,
reports differ on whether single-crystal CsPbBr; has 3-fold®’
or 2 orders-of-magnitude lower™ values of y-z compared to
MAPDBr;. Even less is currently known about the effect of A-
site substitution for the lead iodide perovskites. While CsPbl;
photovoltaics have climbed from an initial ~3% demonstrated
PCE”' to approximately 10%,** ™" this value is only half of that
of its organic counterpart.
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Herein, it is shown that solution-processed CsPbl; exhibits
strikingly similar recombination kinetics and carrier mobility to
literature reports of solution-processed MAPbI;. The charge
carrier mobility and recombination kinetics of polycrystalline
thin films of perovskite-phase CsPbl; were investigated by
pump—probe time-resolved terahertz spectroscopy (TRTS).
To understand the contribution of carrier diffusion to the
observed kinetics, pump wavelengths of 400, 530, and 650 nm
were employed, each creating a different carrier concentration
profile throughout the depth of the film. A kinetic model was fit
to the transient data to reveal rate constants for the mono-, bi-,
and trimolecular recombination processes, parameters typically
associated with trap/surface-assisted, radiative, and Auger
recombination, respectively. As has been shown with the
hybrid perovskites, knowledge of both the rate constants and
mobility enables two important calculations: the diffusion
length of carriers at fluxes relevant for solar cell operation and
the comparison of the bimolecular rate constant to the
Langevin limit.**

The CsPbl; thin films were prepared following methods
from the literature with modifications. An equimolar warm
solution of cesium iodide (CsI) and lead iodide (Pbl,) in
dimethylformamide (DMF) was spin-coated on a preheated
quartz substrate, initially forming the thermod?fnamically
favored, nonperovskite, yellow 5-CsPbl; phase.”*"*” Subse-
quent annealing at 350 °C under a N, environment
transformed the film into the black perovskite phase, or a-
CsPbl;. The a-CsPbl; phase was preserved by rapidly
quenching the film to room temperature and maintaining it
in a rigorously moisture-free environment* for all subsequent
measurements.

The transmission spectra for the polycrystalline films, shown
in Figure 1, were collected and analyzed with a direct gap Tauc
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Figure 1. Transmission spectrum of a typical polycrystalline thin
film of CsPbl; used for TRTS measurements, measured in the
sample cell, plotted as the logarithm of the transmission. Overlaid
are the excitation wavelengths used for TRTS experiments.

plot (Figure Sla), exhibiting an optical band gap of ~1.73 eV,
in accordance with prior reports."*'” The absorption coefficient
spectrum is also shown in Figure S1b. SEM images (Figure S2)
show the morphology of the film, indicating that the apparent
crystal grains are 800 + 100 nm in size (using the intercept
method""). The corresponding XRD pattern is shown in Figure
S3.

TRTS is a noncontact measurement of transient local
photoconductivity, capable of reporting on both the relaxation
dynamics and the carrier mobility (), another critical
performance parameter for a solar absorber. TRTS uses an
optical pump pulse to photoexcite the sample, followed by a
broad-band terahertz-frequency probe pulse at a controlled
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delay with respect to the pump.” The terahertz probe is
attenuated in proportion to the photoinduced sheet con-
ductivity, which is in turn proportional to the number of excited
carriers per unit area, N, and their mobility, according to G, =
¢-qN-Y p, where ¢ is the quantum yield of free carriers from
absorbed photons, g is the elementary charge and Y y; is the
sum of mobilities of electrons and holes.

Figure 2A—C shows the TRTS signal as a function of time at
selected values of the pump power for excitation wavelengths of
400, 530, and 650 nm, respectively. Shorter wavelengths of
excitation correspond to higher absorption (see Figure 1 and
the Supporting Information for details) and concomitantly
steeper gradients in the initial photoexcited carrier density
immediately after the pump pulse. For 400 nm excitation, the
240 nm thick film is almost seven times the 1/e absorption
depth, leading to a significantly higher concentration at the
front surface and, consequently, faster recombination, until
diffusion acts to reduce the gradient. The 650 nm excitation
leads to only a factor of 2 variation in carrier concentration
across the whole thickness of the film, minimizing any potential
convolution of diffusion with the recombination kinetics. The
530 nm excitation provides an intermediate value that was
selected to match the absorptivity of MAPbI; at 550 nm, in
order to facilitate comparison to important literature
precedent.’

To understand the relative contribution of the different
elementary recombination mechanisms, we first identify at
which pump fluence values, if any, mono-, bi-, or trimolecular
recombination processes dominate. This is achieved by plotting
the TRTS signal in functional forms that would be linear for
first-, second-, or third-order kinetics, respectively. The results
are shown in Figure 2D—F for data taken with 650 nm pump
excitation, for which diffusion will have a minimal effect. From a
plot of the logarithm of the transient signals versus time, a
fluence-independent (first-order recombination-dominated)
regime can be identified by straight lines of equal slope at
low fluence in Figure 2D (gray curves). At higher fluences, the
carrier dynamics are dominated by radiative (second-order,
Figure 2E) recombination as these transients all have
approximately the same slope when plotted as the inverse of
the signal. The contribution from Auger (third-order, Figure
2F) recombination does not dominate at any fluence tested for
the 650 excitation. However, the 400 and 530 nm data explore
higher carrier concentrations and do exhibit clear third-order
kinetics for the highest fluence examples by this analysis (Figure
S4). This clear evidence for first-, second-, and third-order
processes in CsPbl; stands in contrast with a transient
reflectance study of CsPbL,Br that was published while the
present study was being prepared, in which only first- and third-
order processes were in evidence."

To quantify the rate constants for each of the three
recombination processes, the TRTS transient data were fit to
a diffusion-recombination numerical model using finite-differ-
ence techniques. In addition to the three elementary
recombination processes modeled in previous studies of halide
perovskites,” a diffusion term was added, resulting in the
following expression

o _
o o S
where n(x,t) is the photoexcited charge carrier density at a

given time, t, and distance, x, from the illuminated surface of
the film. k;, k,, and k; represent the monomolecular,

—kp — kyn® — kg

DOI: 10.1021/acsenergylett.7b00606
ACS Energy Lett. 2017, 2, 2239-2244


http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.7b00606/suppl_file/nz7b00606_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.7b00606/suppl_file/nz7b00606_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.7b00606/suppl_file/nz7b00606_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.7b00606/suppl_file/nz7b00606_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.7b00606/suppl_file/nz7b00606_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.7b00606/suppl_file/nz7b00606_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.7b00606/suppl_file/nz7b00606_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.7b00606/suppl_file/nz7b00606_si_001.pdf
http://dx.doi.org/10.1021/acsenergylett.7b00606
http://pubs.acs.org/action/showImage?doi=10.1021/acsenergylett.7b00606&iName=master.img-002.jpg&w=144&h=112

ACS Energy Letters

e &

0 500 1000 0 500 1000 0 500 1000
Probe delay (ps)

0 500 1000

Figure 2. Terahertz transients following an optical pump pulse. (A—C) Transient data are shown as symbols for selected values of the pump
fluence (indicated on curve labels). Numerical fits to the data are shown by thin, solid lines. Dashed lines in (A) also show the numerical
prediction if diffusion is neglected. Panels (A—C) correspond to 400, 530, and 650 nm pump wavelengths, respectively. (D—F) Transient data
for the 650 nm pump wavelength, converted into the estimated average carrier concentration, n, and plotted in functional forms that are linear
under pure first-, second-, or third-order kinetics for (D—F), respectively. Transients for all fluence values from 1 to 110 pJ/cm?®
(corresponding to n = 6 to 600 X 10" carriers/cm®) are shown for panel (D); the two lowest fluence transients are omitted for clarity in
panels (E,F).

Table 1. Charge Carrier Recombination Constants for CsPbl; Compared to Literature Values for MAPbI; and GaAs

monomolecular k; bimolecular k, trimolecular k; THz mobility ¢’ p; comparison to Langevin limit
material (us™) (em?® s7h) (em® s7h) (em?> V17t k/(q- Y pil €0er)
CsPbI,* 130 + 80 (19 + 04) x 107 (6 +4) x 107% 33 (£5) 2% 107°
MAPbI,_,Cl, - 1.6 x 10710 4x107% - -
MAPbI,_,Cl, from 4.9° 0.87 x 1071 9.9 x 1072 11.6 2.7 x 107°
ref 6
intrinsic GaAs from - 1.7 X 10710 02 x 107% - -
b
ref 47

“Error reported as the standard deviation of values from 400, 530, and 650 nm excitation. *Determined from time-resolved photoluminescence
decay.

bimolecular, and trimolecular recombination rate constants, Two interesting points emerge. First, the bimolecular
respectively, and D is the diffusion constant. The initial carrier recombination rate for solution-processed CsPbl; is exception-
density profile, n(x,0), is estimated from the pump fluence ally small: it is within a factor of 2 of that reported previously
using Beer’s Law and assuming that each absorbed photon for MAPbI3_xCI,C.6 To control for any differences in measure-
creates an electron and hole (i.e., ¢ is assumed to be unity in ment technique or analysis, we performed an independent
the equation for photoconductivity above). Under the measuremeali of MAPbI;_,Cl,, prepared according to literature
assumption that the mobility is time-independent, the procedures,”" on our own optical setup and obtained a value

identical to that of CsPbl; to within our experimental certainty
(see Table 1). Quite remarkably, these values for solution-
processed materials are similar to those of single-crystal GaAs
(Table 1). Second, the monomolecular rate constant, k;, which
is highly sample-dependent (see error bars for this value in
Table 1), is nevertheless occasionally quite small, leading to
long lifetimes that are comparable to those of MAPbI;. For
example, one such champion film showed no measurable decay
by TRTS in the 1.5 ns observation window, and therefore, it
was studied by transient absorption, using a spectrometer with
a ns—ps range (details in the Supporting Information),”
resulting in a halflife > 20 ns (Figure 3). The dependence of
the trap-assisted recombination rate on sample preparation

spectroscopic signal is linearly proportional to the population
of photoinduced free carriers. The diffusion constant in the
model is a fixed parameter, determined from the measured
mobility. The rate constants are globally fit to the complete
data sets for each pump wavelength, and the k; values thus
obtained are averaged together (results in Table 1). (For fitting
purposes, transients were included from a greater number of
fluence values than those shown in Figure 2; complete data are
available in Figure SS). Results of the numerical fits are shown
in Figure 2A—C as solid lines. To understand the magnitude of
the contribution from diffusion, the transients are simulated
with the same values of k, however with diffusion set to zero,

and the results are shown in Figure 2A (dashed lines). For 530 conditions is well-known in the literature on MAPbL,"® and
and 650 nm pump wavelengths, the effect of diffusion is increased understanding and optimization of CsPbl; will likely
minimal. The relatively small differences in the k, and k; values yield improved control over this variability.
determined independently for different excitation wavelengths The sum of the electron and hole mobility can be
(including one in which the effect of diffusion is Signiﬁcant) and determined from the equation given above for photo-
for independently prepared samples enhance confidence in conductivity, resulting in a value of 33 cm?®/(V s), assuming
their accuracy compared to measurements employing a single ¢ = 1. The value for CsPblj is nearly identical to that measured
sample or using a single exciting wavelength. for MAPbI,, using the same technique.***’
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Figure 3. Transient absorption dynamics of the band edge bleach
feature for CsPbl; at a 1.0 yJ/cm” pump fluence under 650 nm
excitation.

With knowledge of the recombination rate constants and
carrier mobilities, we can compare the bimolecular rate
constant to the ion capture rate known as the Langevin limit,
defined by y = q:[ Y. u;](e,-€,) ™", where &, and &, are the relative
and vacuum permittivities, respectively.”’ In the absence of an
experimental value for the relative permittivity of CsPbl; at low
frequencies, we use the value of 6 from theoretical
calculations® as a rough estimate, noting that experimental
values of 6.5 are reported in MAPbL.>”> The Langevin
expression provides the rate at which two freely diffusing,
oppositely charged carriers in a continuous medium will
recombine due to their mutual electrostatic attraction over-
coming thermal diffusion. Thus, it provides a rough estimate of
the expected rate of bimolecular (electron—hole) recombina-
tion for direct-band-gap, low-mobility materials in the absence
of any specific screening mechanism beyond simple polarization
of the dielectric medium.”® The measured rate constant is more
than S orders of magnitude smaller than the Langevin limit,
directly indicating that bimolecular recombination is signifi-
cantly retarded in CsPbl;. Quite importantly, this slowing of
recombination is nearly identical to that seen in the hybrid
MAPDbI;, despite the lack of a molecular dipole. Similar values
for the mobility and recombination rate constants are observed
for vapor-deposited MAPbX,.>** For reference, the bimolecular
recombination rate for CsPbl; is also compared to that of
single-crystal GaAs in Table 1, demonstrating that the solution-
processed perovskite is nearly identical in this regard.

To demonstrate the impact of lifetime and mobility on
device characteristics, we consider diffusion length, a critical
parameter that governs the collection probability of the
photogenerated minority carriers in a photovoltaic absorber
layer. The diffusion length can be estimated according to

Ly = JutkgT/q, where 7 is the estimated lifetime at carrier

densities generated under typical solar illumination, kg is the
Boltzmann constant, and T is temperature. In this low-fluence
regime, 7 is dominated by monomolecular processes and has
the value >20 ns for champion films at a carrier density of 10"
cm™>, If we assume approximately balanced electron and hole
transport in CsPbls, as has been observed in MAPbL;,> we
estimate a single carrier mobility of approximately 16 cm?/(V
s). Under these conditions, the estimated diffusion length for
CsPbl, is approximately 1 ym. However, TRTS is a local probe
of intragrain transport. Real devices may exhibit somewhat
shorter diffusion length owing to lower long-range carrier
mobility upon scattering at grain boundaries.”

The carrier lifetimes and mobilities measured here are quite
similar to those of the hybrid perovskites. However, the
susceptibility of the hybrid materials to degradation, principally
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mediated by their organic component,”~ % has spurred efforts
to develop all-inorganic alternatives. The observation herein of
similar performance metrics for CsPbl; in conjunction with
recent progress in enhancing the stability of its perovskite
phase,®*¥°"%% which is not the equilibrium phase at room
temperature,'” suggest great potential for CsPbI;-based photo-
voltaics. The observation of extremely slow recombination in
these materials further calls into question theories that attribute
the extraordinary behavior of the hybrid lead halide perovskites
to the unique properties of the molecular dipole. In light of the
present results, alternative theories such as the direct—indirect
band gap structure®® of lead halide perovskites or a Rashba
effect driven by displacive freedom of the A-site atom®* perhaps
deserve greater attention.
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