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ABSTRACT: The optoelectronic properties of hybrid perovskites can be easily
tailored by varying their components. Specifically, mixing the common short
organic cation (methylammonium (MA)) with a larger one (e.g, butyl
ammonium (BA)) results in 2-dimensional perovskites with varying thicknesses
of inorganic layers separated by the large organic cation. In both of these
applications, a detailed understanding of the dissociation and recombination of
electron—hole pairs is of prime importance. In this work, we give a clear
experimental demonstration of the interconversion between bound excitons and
free charges as a function of temperature by combining microwave conductivity
techniques with photoluminescence measurements. We demonstrate that the
exciton binding energy varies strongly (between 80 and 370 meV) with the
thickness of the inorganic layers. Additionally, we show that the mobility of
charges increases with the layer thickness, in agreement with calculated effective
masses from electronic structure calculations.

2D perovskites

Free charge fraction

B INTRODUCTION

Organic—inorganic halide perovskites are intensively studied
materials for optoelectronic applications such as photovoltaic
solar cells, light-emitting diodes, and lasers."”” Their attractive-
ness is a result of their ease of preparation and tunable
optoelectronic properties.” Solar cells based on three-dimen-
sional (3D) perovskites, AMX; (with A = Cs, CH;NH,",
HC(NH,),", M = Pb*, Sn*, Ge**; X = I", Br~, CI7), have
surpassed an overall power conversion efficiency of 22%.%°
Recently, the family of layered 2D Ruddlesden—Popper
perovskite materials has gained significant attention because
of their improved moisture stability, promising device
efficiency, and intriguing optical properties.””"* 2D perovskites
are layered materials that are formed by partially or fully
replacing the small methylammonium (MA) cation with a
larger cation, reducing the 3D perovskite framework to 2D
layered structures due to steric hindrance.” A detailed
understanding of these materials, especially the photogenera-
tion and transport of charges, is currently lacking.” 2D hybrid
perovskites with a large organic cation were extensively studied

of bound and long-lived (Wannier—Mott) excitons with exciton
binding energies of several hundreds of meV, renders these
materials good candidates for photoluminescent applications
such as lasers and light-emitting diodes (LDs and LEDs)'"*’
and nonlinear optical”’ and polaritonic devices.”* *° However,
in many cases, they exhibit inefficient luminescence at room
temperature possibly due to thermal quenching of the excitons
or strong exciton—phonon interactions.'>*’~**

An interesting feature of 2D hybrid perovskites is the high
tunability of their chemical and physical properties. This can be
achieved by exchanging the halogen® or by introducing both
large and small organic cations and controlling the thickness of
[(MA),_,Pb,1;,,,]*" slabs through the value of n.”***~*® Thin
films of 2D perovskites are solution-processable and exhibit a
higher stability than 3D perovskites under ambient con-
ditions.”""3° Highly efficient solar cells (PCE of 12.5%) "
and LEDs"” (EQE of 8.8%) have been reported recently. These
devices were based on 2D perovskites with butylammonium
(BA) and phenylethylammonium (PEA) as the bulky organic
cations, respectively. A key property of optoelectronic materials

in the 90s for their unique quantum-well structure that
enhances exciton confinement beyond predictions for 2D
systems.'*'® This additional confinement has been attributed to
the large difference between the dielectric constants of the large
e s ! 112 9,14,16—18 :
organic “barrier” and the inorganic “well”. Generation
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that characterize their performance in both solar cells and LEDs
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is the exciton binding energy that determines the probability of
dissociation of excitons and the recombination of charges. For
3D hybrid perovskites, there has been a considerable debate on
the nature of photoexcited excitons as well as the exciton
binding energy values.'”>"~**

In this work, we have studied the dynamics of charges and
excited states in a series of 2D Ruddlesden—Popper lead iodide
perovskites: (BA),(MA),_,Pb,1;,.; (n = 1-5). The 2D
structure consists of single (n = 1) or multiple layers of
[PbI4]*" octahedral containing the small MA cation
[(MA),_,Pb,L;,,,]*" separated by the longer BA cations
(Figure 1).7
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Figure 1. Crystal structures of 2D and 3D hybrid lead iodide
perovskites, (BA),(MA),_,Pb L., extending from n = 1 to n = oo.
The thickness of the layers is defined by n.

By combining distinct time-resolved microwave conductivity
(TRMC) techniques, we performed a detailed temperature
study of the mobility (irradiation with high-energy electrons)
and exciton dissociation (laser excitation) in these materials.
These measurements reveal that at low temperature the
mobility of charges increases but the generation of “free
charges” that are not coulombically bound (i.e., nonexcitonic)
is less efficient since the formation of Coulombically bound
(Wannier—Mott) excitons is favored. This is accompanied by
an increase in the fluorescence quantum yield that follows the
opposite trend as observed for the fraction of free charges, i.e.,
higher quantum yields at low temperature. In this work, we
show, for the first time, direct experimental evidence of the
interconversion of excitons into free charges on going from low
to high temperatures. This interconversion process is governed
by an exciton binding energy that strongly depends on the
thickness of the number of inorganic layers (n), ranging from
~370 meV for n =1 to ~80 meV for n = 4. The combination of
these TRMC techniques also demonstrates the strong depend-
ence of the mobility, exciton dissociation, and lifetime of
charges on the thickness of the slabs (). The mobility of
charges clearly increases with the slab thickness. This is
consistent with previously shown band broadening with n
thickness*> and our own DFT calculations that predict a
decrease in the effective mass of holes. In addition, the exciton
dissociation becomes more efficient and the lifetime longer
with increased layer thickness, which is a direct result of the
reduced Coulombic interactions between electrons and holes
(exciton binding energy). This work gives a unique insight in

the dissociation properties of excitons in perovskites materials
by using a complementary combination of microwave
conductivity techniques.

B EXPERIMENTAL SECTION

Starting Materials. All chemicals were purchased from
Sigma-Aldrich and used as received. Methylammonium iodide
(MAI) was synthesized by neutralizing equimolar amounts of a
57% w/w aqueous hydriodic acid (HI) and 40% w/w aqueous
methylamine (CH;NH,) (pH ~ 7). The white precipitate was
collected by evaporation of the solvent using rotary evaporation
at 60 °C under reduced pressure.

2D Hybrid Perovskites Synthesis. (BA),(MA);Pb,l;; (n
= 4). PbO powder (2232 mg, 10 mmol) was dissolved in a
mixture of 57% w/w aqueous HI solution (10.0 mL, 76 mmol)
and 50% aqueous H;PO, (1.7 mL, 15.5 mmol) by heating to
boiling under constant magnetic stirring for about S min,
forming a bright yellow solution. Subsequent addition of solid
CH;NH;I (1192 mg, 7.5 mmol) to the hot yellow solution
initially caused the precipitation of a black powder which
rapidly redissolved under stirring to afford a clear bright yellow
solution. In a separate beaker, n-CH;(CH,);NH, (248 uL, 2.5
mmol) was neutralized with HI 57% w/w (S mL, 38 mmol) in
an ice bath, resulting in a clear pale yellow solution. Addition of
the n-CH,(CH,),NH,I solution to the MAPbI; solution
initially produced a black precipitate which subsequently
dissolved under heating the combined solution to boiling.
The stirring was then discontinued, and the solution was
allowed to cool to room temperature during which time black
rectangular-shaped plates started to crystallize. The precip-
itation was deemed to be complete after ~2 h. The crystals
were isolated by suction filtration and thoroughly dried under
reduced pressure.

For a detailed description of the synthesis of the remaining
compounds in the series, refer to Stoumpos et al.'’

Preparation of PR-TRMC Sample Holders. A small
amount of material (~45 mg) is placed in a polyether ether
ketone (PEEK) holder and filled by pouring droplets of poly
methyl methacrylate (PMMA) dissolved in chlorobenzene at a
concentration of 10 mg/mL every 10 min until the perovskite
material is fully covered by PMMA. Then the sample holder is
allowed to sit overnight to ensure the complete evaporation of
the solvent. The PMMA filling is done in order to protect the
samples from moisture and air and diminish the background
conductivity of the material (which affects the PR-TRMC
measurements). The cavity of the PEEK holder is 6 X 3 X 2
mm?®. The PEEK block with the perovskite sample is placed
inside a rectangular waveguide copper cell of 14 mm length and
7.1 X 3.55 mm” of front side. The copper top wall was reduced
to 0.4 mm thickness to minimize the attenuation of the electron
beam. The walls of the cell were gold-plated via a redox
exchange of copper with gold in order to make the cell
chemically inert.

PR-TRMC Measurements. PR-TRMC measurements
involve the generation of charge carriers through irradiation
by a short pulse of high-energy electrons (3 MeV) and the
monitoring of the changes in conductivity due to mobile charge
carriers using high frequency microwaves (28—38 GHz).**™**
The high-energy electron pulse ionizes the charges in the
material via Coulomb interactions. These interactions are
caused by the rapidly changing electric field of the electrons in
the pulse. This mechanism is similar to the oscillating electric
field of a photon. However, it has a larger penetration depth
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and higher energy (~20 eV) that results in the generation of a
uniform concentration of charge carriers far away from each
other. The thermal relaxations of the charges that are produced
in this way occurs well within a nanosecond, and hence, it does
not influence recombination of the charges.

If the free charge carriers generated in this way are mobile,
this results in a fractional absorption of microwave power
reflected by the cell that is directly proportional to the change
in conductivity of the material studied (eq 3).**™**

AP = AAc

P 3)

The fractional change in the microwave power, AP/P, and
the sensitivity factor, A, are frequency dependent as the overlap
of the electric field strength of the microwaves in the samples
changes with frequency. In addition, interference effects of the
incoming and reflected waves in the cell can also vary with
frequency. The experimental frequency dependence of AP/P
can be fitted with an analytical expression to determine the
dielectric constant, &, and change in conductivity, N A
Information about trapping, recombination processes, and
carrier lifetimes in the material can be determined from the
temporal decay kinetics of the transients varying the initial
concentration of charges in the material (by varying the length
of the pulse).

The change in conductivity initially increases during the
pulse as mobile charge carriers are generated and gradually
decreases after the pulse as the charges recombine or get
trapped in time. The overall time response of the PR-TRMC
set up is limited by the rise time of the detector diode and the
length of the excitation pulse but is less than 1 ns, i.e., much
shorter than the lifetime of the conductivity signals. The
mobility of the charges is determined from the change in the
conductivity (Ao) if the charge carrier concentration at the end
of the electron pulse (N,) according to eq 4.%7" Since it is not
possible to selectively generate positive or negative charges, the
mobility determined by PR-TRMC technique is the sum of the
electron and hole mobilities

Ac=c¢ Z N,(0)p = e(npu, + npyp) 4)

where NP(O) is the initial concentration of charge carriers at the
end of the pulse, y is the sum of the mobilities for electrons and
holes (eq 5), and N,(0) is a function of the mass of material
(m), volume of the sample holder (V,), irradiation energy
deposited in the sample (D), and of the radiation—ionization
energy required for the generation of an electron—hole pair
(Eyp)-
NO = T
EP X 1.6 X 10 \7 ()

Jz
eV
Here, D is proportional to the electron density of the material
and for perovskites has been determined to be ~1 J/kg/nC.
The latter is derived from previous radiation dosimetry
experiments.**~** E,, has been determined according to Klein’s
theoretical model and Alig’s equation for semiconductor
materials (eq 6), which relates it to the band gap of the
material, phonon losses, and the residual kinetic energy.*”*’

E, = 2.73E, + 0.55 (V) ©)

In the PR-TRMC set up, the cell is contained in a cryostat in
which the temperature can be varied between —150 and +200

°C. The temperature was maintained for ~15 min before doing
actual measurement was performed in order to ensure the
equilibrium of the system. The irradiation intensity was varied
between pulse lengths of 200 ps and 2 ns for each temperature
at a frequency of 32 GHz. The frequency scan (28—38 GHz)
fits were measured at a pulse length of 500 ps. We emphasize
that the radiation doses used in our experiment are not
sufficient to cause significant radiation damage. Klein-Kedem et
al>' found that perovskites solar cells are unstable under
absorbed radiation power ~10° W cm™. The radiation power
that is absorbed in our experiments is 3 orders of magnitude
lower (~10° W cm™). In addition, in our radiation experiment
we test approximately micrometer size crystals instead of thin
films. Bulk samples and single crystals are more stable under
irradiation conditions than films.

Preparation of Thin Films. Quartz substrates were cleaned
with oxygen plasma-treated immediately prior to film
fabrication. Fabrication of the 2D hybrid perovskites thin
films was carried out in a nitrogen-filled glovebox. The
precursor solutions were prepared by mixing 100 mg of bulk
material in 1.5 mL of anhydrous dimethylformamide (DMF).
The solutions were filtered using a 0.45 pm pore size filter
before spin coating. For the spin-coating step, 100 uL of the
perovskite solution was spin coated on the substrate for 30 s at
8000 rpm. Directly after spin coating, the films were annealed
at 100 °C for 2 min.

Photoconductivity Measurements. Thin films on quartz
substrates were placed in a sealed resonance cavity inside a
nitrogen-filled glovebox. The time-resolved microwave con-
ductivity (TRMC) technique was used to measure the change
in microwave (8—9 GHz) power after pulsed excitation
(repetition rate 10 Hz) of the OMHPs at 520, 620, 760, 780,
and 775 nm for n = 1, 2, 3, 4, and oo, respectively. The
photoexcitation-induced change in microwave power is related
to the change in conductance AG by a sensitivity factor K:

AP(t)

b kAG(t) )

The rise of AG is limited by the width of the laser pulse (3.5
ns fwhm) and the response time of our microwave system (18
ns). The slow repetition rate of the laser of 10 Hz ensures full
relaxation of all photoinduced charges to the ground state
before the next laser pulse hits the sample. The product of the
yield of free charges (x) and the mobility (Y.u = p, + p;,) was
calculated from the maximum change in photoconductance
AG, ¢

AG

~ 1peE, (8)

In eq 3, I is the number of photons per unit area per pulse,
is the ratio of the inner dimensions of the microwave cell, e is
the elementary charge, and F, is the fraction of light absorbed
by the sample at the excitation wavelength. Before and during
the photoconductance measurements, the samples were not
exposed to moisture or air to prevent degradation.’>>

Optical Characterization. Absorption spectra were
recorded with a PerkinElmer Lambda 1050 spectrophotometer
equipped with an integrated sphere. The thin films were placed
under an angle of 10° inside the sphere to detect the total
fraction of reflected and transmitted photons (FR+T). From
here, we calculated the fraction of absorbed light (FA):

F,=1-Fpx )

xZu
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Figure 2. Conductivity transients for (a) (BA),Pbl, (n = 1) and (b) (BA),(MA);Pb,I;; (n = 4) bulk materials at different temperatures. (c) Mobility
of 2D perovskites: (BA),Pbl, (n = 1), (BA),(MA)Pb,L, (n =2), (BA),(MA),Pb;1;, (n = 3), (BA),(MA);Pb,];; (n = 4) and (BA),(MA),Pbl;¢ (n =

5) at different temperatures.

Photoluminescent Measurements. Thin films on quartz
substrates were placed in a sealed cryostat under nitrogen flow.
The PL emission spectra were recorded using an Edinburgh
LifeSpec spectrometer equipped with a single photon counter.
The 2D films were excited at 405 nm with a picosecond pulsed
diode laser (Hamamatsu, M8903—01, I, ~ 1 X 10" photons/
cm?, repetition rate 0.1 MHz).

DFT Calculations. All DFT calculations were performed
with the BAND program included in the Amsterdam Density
Functional suite. During the calculation, the experimental
geometry was used. The electronic structure calculations were
performed using a triple-C basis set (TZP) and without using
frozen cores. The PBEsol functional was used to account for
exchange and correlation. Relativistic effects were included via a
scalar correction of the ZORA. The effective masses were
calculated using the internal capabilities of BAND.

B RESULTS AND DISCUSSION

Temperature Dependence of Charge Mobility. The
crystal structures of the 2D perovskites studied here are shown
in Figure 1. The materials were synthesized using our
previously reported recipe, reacting stoichiometric amounts of
C,HyNH,, CH;NH;I, and Pbl, in excess HI/H,;PO, acid
solution, filtering by suction filtration, and drying in a vacuum
oven.” The purity of all materials was confirmed by X-ray
diffraction, UV—vis spectroscopy, and photoluminescence
measurements.”"’

The mobility was studied by pulse-radiolysis time-resolved
microwave conductivity (PR-TRMC). In these measurements,
charge carriers are generated through irradiation by a short

pulse of very high energy electrons (3 MeV). The change in
conductivity due to the generation of mobile charge carriers is
monitored by measuring the absorption of high frequency
microwaves (28—38 GHz)."*™* A unique aspect of the use of
high-energy electrons is the generation of a uniform
concentration of free charge carriers with an average energy
transfer of ~20 eV per ionization event. This high energy leads
to free electrons and holes that are generated with a spatial
separation larger than the thickness of the [(MA),_,Pb,L;,,,]*"
slab, regardless of the exciton binding energy.%_48 We
emphasize that this method of generating charges is very
different from the laser photoconductivity excitation used in
TRMC and terahertz spectroscopy. With laser excitation,
charge carriers are generated very close to each other with a
nonuniform concentration profile.”* In the highly confined 2D
materials, excitation by a laser will generate bound excitons
where the electron and hole reside in the same
[(MA),_,Pb,I;,,;]*" slab. As a consequence, the latter
measurements are sensitive to the magnitude of exciton
binding energies.

Radiation-induced conductivity transients obtained by PR-
TRMC measurements for (BA),Pbl, (n = 1) and
(BA),(MA),Pb,l;; (n = 4) at different temperatures are
shown in Figure 2. The conductivity normalized by the charge
in the pulse (606/Q) rises during the irradiation pulse as mobile
charge carriers are generated. Subsequently, the conductivity
decreases after the pulse as the charges recombine or become
trapped. In Figure 2a it is seen that for (BA),Pbl, (n = 1), the
lifetime is very long at room temperature but decreases at lower
temperatures. The long lifetime at room temperature implies
that the electron and the corresponding hole are indeed
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generated in separate [(MA),_,Pb,I;,,,]*” slabs, resulting in a
very slow bimolecular recombination across the organic layer
between the slabs (see TRMC transients as a function of the
initial concentration in Figure S1). The change in the decay
kinetics occurs when the temperature decreases below 0 °C.
Interestingly, this coincides with a structural phase transition
(around 0 to —17 °C).>* This structural change, leading to
more disorder of BA, causes a blue shift in the bandgap®* and
higher exciton peak energy.” Figure 2b represents the radiation-
induced conductivity of the (BA),(MA);Pb,l;; (n = 4)
compound. The behavior of the remaining 2D materials is
similar to the n = 4 compound and is included in Figure S2.
Unlike the single-layered n = 1 material, the conductivity and
charge carrier lifetime gradually increase as the temperature
decreases. This has recently also been reported for the 3D
MAPDX; perovskites.” This shows that the presence of the MA
significantly affects the charge dynamics in these materials.

The mobility of the charges can be determined from the
change in the conductivity (Ao) if the charge carrier
concentration at the end of the electron pulse is known (see
methods). The mobility values for our 2D series
(BA),(MA),_,Pb,L;,,,, n = 1=5, are plotted as a function of
temperature in Figure 2c. We observe a clear increase in the
mobility as the thickness increases from n = 1 to 4.
Interestingly, for n = 5, the mobility is higher than that of n
= 4 only at temperatures below —50 °C. We have performed
DEFT band structure calculations, summarized in Figure S3, that
relate this increase in mobility to changes in the band structure.
As the thickness increases, the effective mass of the holes
steadily decreases, explaining the observed increase in mobility.
This is in agreement with DFT calculations that demonstrated
band broadening with the increase of the layer thickness."
Furthermore, the mobility increases as the temperature
decreases. The temperature-dependent mobility follows an
electron—phonon scattering transport mechanism in the n = 1—
4 compounds (Figure S4). However, this trend deviates in n =
S at temperature below —80 °C. We have shown recently that
in MAPbX; (X = I, Br, Cl), the trend in mobility as a function
of temperature deviates from electron—phonon scattering
transport below the f/y phase transition.”> This deviation
(abrupt increase in mobility and lifetime) was attributed to the
restriction of the rotational freedom of the MA cations on
going through a structural phase transition. In n = 5, the
mobility and lifetime (Figures S4 and SS) considerably increase
at temperatures below —100 °C. These results suggest that as
the thickness increases the charge dynamics approach the
behavior of their 3D analogue. Possibly, as the
[(MA),_,Pb,I;,,,]*~ slab becomes thicker there is more
freedom for the MA cations to rotate. This dynamic disorder
affects the structure (as observed in DSC measurements
(Figures S6 and S7)) and the charge dynamics (as seen in PR-
TRMC measurements) in a similar way as in 3D hybrid
perovskites.

Photogeneration of Mobile Charges. From the above
measurements, we have obtained information on the temper-
ature dependence of the charge carrier mobility. In order to
gain insight into the dissociation of photogenerated excitons
into free charges, we proceeded with microwave photo-
conductivity measurements on thin films of the same materials.
In these measurements, charge carriers are generated using laser
photoexcitation instead of an electron pulse. As discussed
above, in such an experiment electron—hole pairs are generated
in a single slab. Due to the strong confinement for n = 1 (E, =

~ 370 meV),""">'® it is likely that a large fraction of the
photogenerated species exist as bound excitons at room
temperature and these do not contribute to the conductivity
signal. Therefore, the result of such measurements is not a
direct measure of the charge mobility but the product of charge
mobility (Xu = p, + p;,) and quantum yield of charge
formation (x). However, from the PR-TRMC measurements,
we already know how the mobility varies with temperature and
thickness of the slabs. Therefore, combining this information
with photoconductivity TRMC we can obtain information on
the yield of exciton dissociation, which is intrinsically related to
the exciton binding energy.

The normalized photoconductivity and the conductivity half-
lifetime are plotted as a function of the thickness (n) in Figure
3. It is clear that the photoconductivity and half-lifetime depend
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Figure 3. Photoconductivity (a) and half-lifetime (b) dependence of
2D perovskites on the thickness of the [(MA),_;Pb,l;,,;]*" slabs at
room temperature. Excited at the emission wavelength. The dotted
lines are a guide to the eye. In panel (a) the error bars are smaller than
the symbols.

strongly on the thickness. As the slab thickness increases, the
photoconductivity and half-lifetime also increase. The increase
in photoconductivity is a result of increases in both the charge
mobility mobility (X i) and the quantum yield of charge
formation (x). However, the change in charge mobility with
slab thickness is much smaller than the observed variation in
photoconductivity. This indicates that the exciton dissociation
also varies strongly with the slab thickness. As shown in Figure
3b, the lifetime is very short for n = 1 as electrons and holes are
generated in the same slab and can recombine easily. The
exciton binding energy decreases as the slab thickness increases,
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Figure 4. Photoconductivity of (a) BAPbL, (n = 1) and (BA),(MA);Pb,1;; (n = 4) at different temperatures; samples were excited at 473 nm with a
photon intensity of 2 X 10" em™. (b) Fraction of free charges as a function of temperature. The full lines are modeled using the Saha equation with
an excitation density of 5 X 10 cm™. The symbols indicate the experimental estimates. (c, d) Fraction of free charges estimated from TRMC
measurements (green and blue symbols) and the fraction of bound excitons obtained from PL (red symbols) for (c) (BA),(MA),Pb,l;, (n = 3) and
(d) (BA),(MA),Pb,],; (n = 4) at different temperatures. Excited at 405 nm with a photon intensity of ~1 X 10> cm™. The full lines are modeled
using the Saha equation with excitation densities of 8 X 10" cm™3(PL) and 5 X 10" cm™ (TRMC). The error bars in panels b—d are not visible

because they are smaller than the symbols.

resulting in an increase in the yield of free charges and also in
the lifetime. The lifetimes measured with the different TRMC
techniques differ by 1 order of magnitude due to the influence
of the exciton binding energy. In the photoconductivity TRMC,
the free charges generated by laser excitation are closer to each
other. As a consequence, they recombine faster due to the
strong Coulombic interactions between electrons and holes. In
addition, the lifetimes measured by TRMC are longer than
fluorescence (0.03—0.5 ns)**"” and terahertz (<1 ps)>*
lifetimes reported in literature. The conductivity lifetimes do
not correspond to fluorescence measurements as the species
that are detected in both measurements are different. The
fluorescence lifetime is determined by band-to-band recombi-
nation of electrons and holes (radiative recombination) that
can either exist as free charges or as bound electron—hole pairs.
In the case of TRMC measurements, we selectively detect
mobile free carriers that either recombine with each other
(radiatively) or via trap states. At room temperature, the pure
2D (BA),Pbl, exhibits mostly bound excitons after excitation,
not free charges, that recombine very fast due to the high
exciton binding energy. This is why the PL lifetime is orders of
magnitude shorter that in the TRMC experiments. In the case
of the very short (<1 ps) free carrier lifetime determined by
terahertz measurements, this lifetime is so short as in terahertz
measurements the excitation density is very high (>10'7
em™).>® In our TRMC experiments, the excitation density is
orders of magnitude lower (~10*-10' cm™).

To examine how the formation of free charges depends on
temperature, we have performed temperature-dependent
photoconductivity measurements. The maximum photocon-
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ductivity is shown as a function of temperature for n = 1 and n
= 4 in Figure 4a (see Figure S8 for n = 2 and 3). Interestingly,
the photoconductivity decreases as the temperature decreases.
However, as discussed above, the charge carrier mobility was
shown to increase with decreasing temperature. Therefore,
these measurements directly indicate that at low temperature
fewer free charges are formed upon photoexcitation; i.e., the
yield of exciton dissociation is lower.

A clearer picture of the relative yield of free charges as a
function of temperature is obtained when the photoinduced
conductivity, [« p]pc, is normalized by the mobility from the
pulse radiolysis experiments, Y upp (eq 1).

[x Zﬂ]PC(T)
2 tpr (T) (1)

It is important to note that this normalization gives the trend
of x with temperature and not the absolute values. The large
difference in the nature of the samples examined in the two
techniques, polycrystalline powders in pulse radiolysis and thin
spin-coated films in photoconductivity experiments, can result
in different mobility values.”> This makes it necessary to define
the yield of dissociation at room temperature. We define each
yield separately using theoretical values previously reported for
a similar 2D perovskite (~4% for n = 1, ~50% for n = 2, ~85%
for n = 3, and ~95% for n = 4).*" These values are reasonable as
for n = 1 the exciton binding energy is known to be very high
(~370 meV'*">"®*) This is consistent with the very low
photoconductivity signals observed here. For n = 4, the yield is
expected to be very close to 100% at room temperature," ">

x(T) =
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which is consistent with the almost constant photoconductivity
at higher temperatures.

Theoretically, the yield of free charges can be estimated using
the Saha equation. This equation relates the yield of free
charges to the excitation density, effective mass of the exciton,
temperature, and exciton binding energy (eq 2).

o I(ZﬂkaT )3/2 By /T
1—-x n\ W ‘ (2)

In Figure 4b, we compare the experimental yield of
dissociation with a fit using the Saha equation with the
effective mass obtained from DFT calculations and excitation
densities around 5 X 10" cm™ to 1 X 10" cm™ (see the SI for
a detailed description of this analysis). At high temperatures,
the yield of dissociation is constant and steeply decreases as the
temperature falls. Using this analysis, we estimate that the
exciton binding energy is approximately 370 meV for n = 1, 170
meV for n =2, 120 meV for n = 3, and 80 meV for n = 4. These
values are smaller than those calculated by Koutselas et al. but
are close to the exIperimental values determined from optical
absorption spectra,'®***’

The photoconductivity experiments clearly show a decrease
in the yield of free charges. This should be accompanied by an
increase in the yield of bound excitons and hence an increase in
the fluorescence quantum yield at low temperatures. To
confirm this, we have performed temperature-dependent
photoluminescence measurements (Figure S9). The normal-
ized photoluminescence intensities for the n = 3 and n = 4
materials are plotted as a function of temperature in parts c and
d, respectively, of Figure 4. In addition, the experimental yield
of dissociation obtained from our photoconductivity measure-
ments and the fraction of free charges (x) and bound excitons
(1 — x) obtained from the Saha equation are also included. In
Figure 4c,d, we observed that for n = 3 and n = 4 both the
photoluminescence intensity (related to the yield of bound
excitons) and the dissociation yield closely follow the trend
predicted by the Saha equation. In fact, the normalized
photoluminescence intensity is almost exactly opposite to the
decrease in the yield of free charges. In the case of n=1and n =
2, the normalized photoluminescence trend with temperature
does not follow this trend so clearly (see Figure S10).
Nevertheless, the relative fluorescence intensity increases as
the temperature decreases, pointing to a larger fraction of
bound excitons. This deviation from the simple behavior
observed for n = 3 and n = 4 is likely to be the result of
structural changes that can lead to changes in the nonradiative
decay of the excitons."”*”*® This is consistent with photo-
luminescence quantum yield measurements in which for n = 1
the quantum vyield is very low and have a maximum value for n
= 3—5."> Moreover, the n = 1 and n = 2 compounds exhibit
multiple bands in the emission spectrum that change in
opposite ways with temperature (see Figure S9). The latter is
currently not fully understood. Overall, the combination of the
experiments presented here clearly shown the interconversion
between excitons and free charges when the temperature is
varied. This temperature behavior closely follows the trend
predicted by the Saha equation. It should be noted that the we
do not obtain information on the specific nature of the
excitons; we merely observe the interconversion between
mobile unbound charge carriers and Coulomb-bound excitons,
which can either be freely moving in the material or bound to a
defect. It was shown recently that edge states play an important

role in the photogeneration of charges in exfoliated 2D
perovskites.”” Such edge states are expected to play a smaller
role here due to the parallel orientation of the perovskite layers
with respect to the substrate; it can not be excluded that the

exciton binding energy that we obtain is influenced by this.

B CONCLUSIONS

In this work, we have studied 2D (BA),(MA),_,Pb,L;,,,
Ruddlesden—Popper hybrid perovskites using two distinct
microwave conductivity techniques with different pulsed
excitation sources: high-energy electron pulse and laser
photoexcitation. Our combined experimental results show a
clear increase of the mobility of charge, the probability of
exciton dissociation, and the lifetime of charges with the
thickness of the [(MA),_,Pb,I,,,,]*" slabs. The increase in
mobility is consistent with DFT calculations that show a
decrease of the effective mass of holes. The larger exciton
dissociation yield and longer lifetime of charges are explained
by an increased dielectric shielding of the electron—hole
interactions and hence a lower exciton binding energy. From
temperature dependent microwave conductivity experiments
the trend in the yield of exciton dissociation was obtained and
analyzed in the framework of the Saha equation. This
comparison shows that the exciton binding energies range
between ~80 and ~370 meV depending on the thickness of the
[(MA),_,Pb,I;,,,]* slabs. Temperature-dependent photo-
luminescence experiments show that the free charges combine
into bound excitons as the temperature is lowered. This results
in an increased photoluminescence intensity with a temperature
trend that is almost exactly opposite that in the yield of free
charges.
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