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Semiconductors
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Hans Kraus, Henry J. Snaith, Michael B. Johnston, and Laura M. Herz*

Metal halide perovskite (MHP) semiconductors have driven a revolution in
optoelectronic technologies over the last decade, in particular for high-
efficiency photovoltaic applications. Low-dimensional MHPs presenting
electronic confinement have promising additional prospects in light emis-
sion and quantum technologies. However, the optimisation of such appli-
cations requires a comprehensive understanding of the nature of charge
carriers and their transport mechanisms. This study employs a combina-
tion of ultrafast optical and terahertz spectroscopy to investigate phonon
energies, charge-carrier mobilities, and exciton formation in 2D (PEA),Pbl,
and (BA),Pbl, (where PEA is phenylethylammonium and BA is butylammo-
nium). Temperature-dependent measurements of free charge-carrier mobili-
ties reveal band transport in these strongly confined semiconductors, with
surprisingly high in-plane mobilities. Enhanced charge-phonon coupling

is shown to reduce charge-carrier mobilities in (BA),Pbl, with respect to
(PEA),Pbl,. Exciton and free charge-carrier dynamics are disentangled by
simultaneous monitoring of transient absorption and THz photoconduc-
tivity. A sustained free charge-carrier population is observed, surpassing
the Saha equation predictions even at low temperature. These findings
provide new insights into the temperature-dependent interplay of exciton
and free-carrier populations in 2D MHPs. Furthermore, such sustained free
charge-carrier population and high mobilities demonstrate the potential of
these semiconductors for applications such as solar cells, transistors, and
electrically driven light sources.

1. Introduction

Metal halide perovskite (MHP) semicon-
ductors have given rise to exciting devel-
opments in optoelectronic applications
over the past decade. Among their main
achievements to date are solar cell devices
reaching record efficiencies above 25%.
MHPs form a versatile family of semi-
conductors with tunable bandgaps and
high photoluminescence quantum effi-
ciencies,? making them also promising
materials for light emitting diodes®-! and
lasers.’"" In addition, the exploitation of
low-dimensional MHPs presenting elec-
tronic confinement has demonstrated
great potential for developing quantum
emitters.'21% One strategy for producing
quantum confinement in MHP semi-
conductors is the incorporation of large
organic cations during the fabrication pro-
cess, which can lead to the self-assembly
of 2D quantum wells.l”181 2D Ruddlesden-
Popper perovskites can be fabricated
with a wide variety of organic cations,
with the general formula A,B, M, X,
where M is a metal, X is I, Br, or Cl, A is
a large cation that acts as a spacer, and
B is a cation small enough to fit into the
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lead halide cage of a conventional 3D perovskite lattice. The
parameter n determines the relative fraction of small and large
cations and hence the degree of confinement. While strong
confinement is achieved with n = 1, mixed compositions with
larger n can be tailored to create energy cascades.>*°l Fur-
thermore, the properties of the metal-halide semiconductor
layers can be modulated by choice of organic spacers.[20-22
Layered 2D MHPs have also been successfully employed in
photovoltaic devices, mainly with larger n (ie., low degree
of confinement), improving the environmental stability and
reducing non-radiative recombination losses.?326] While the
versatility of 2D perovskites offers a multitude of exciting
application prospects, some stipulated aspects, such as higher
exciton binding energies, higher charge-carrier recombination
rates, and lower mobilities compared with 3D bulk MHPs!?-28]
could be potentially detrimental. Therefore, a complete assess-
ment of such effects on free charge-carrier formation and
transport is urgently required. In this context, the interplay
of bound and free electron-hole pairs in these semiconduc-
tors is still an open question, despite being a key aspect for all
optoelectronic applications.

In this work, we investigate the interplay of exciton and free
charge-carrier populations, the charge-carrier mobilities, and
the charge-phonon couplings in 2D lead halide perovskites
employing ultrafast temperature-dependent optical and tera-
hertz spectroscopy. We study highly oriented, phase-pure thin
films of 2D perovskite in the Ruddlesden-Popper (RP) con-
figuration, formed by individual layers of lead iodide octahedra
(n = 1) separated by different organic cations, either butylam-
monium (BA) or phenylethylammonium (PEA). We reveal band
transport with high charge-carrier mobilities in the lead-iodide
semiconductor plane that depend on the choice of the organic
spacer. Furthermore, we record the exciton formation dynamics
on the picosecond timescale by terahertz and optical transmis-
sion transients. Our findings reveal a sustained, long-lived
free-charge population that violates the predictions of the Saha
equation, the most commonly used model for calculating ratios
of free charge-carrier to exciton populations in these semicon-
ductors. Overall, our work demonstrates highly efficient trans-
port properties driven by a significant population of mobile
free charge carriers. Our findings demonstrate the outstanding
potential for optoelectronic applications of 2D MHP semicon-
ductors, in particular for photovoltaics and electrically-driven
light emitters that strongly rely on efficient charge transport.

2. Results and Discussion

2.1. Optical and Vibrational Properties

Thin films of 2D RP perovskite (PEA),PbI, (PEPI) and
(BA),Pbl, (BAPI) have been deposited on quartz substrates
(see methods for details).?”) Grazing-incidence wide-angle X-ray
scattering (GIWAXS) shows the films to be highly oriented
with the lead-iodide semiconducting planes parallel to the sub-
strate (see Section S1, Supporting Information). These data also
show the presence of a single phase associated with n =1 octa-
hedra, as would be expected in the absence of smaller A-cat-
ions. Figure 1 shows the absorption and photoluminescence
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Figure 1. Absorption and PL spectra of PEPI ((PEA),Pbl, ) at a) room
temperature (295K) and b) 4K; and BAPI ((BA),Pbl, ) at c) room tem-
perature (295K) and d) 4K.

(PL) spectra of PEPI and BAPI thin films at different tempera-
tures. Both materials exhibit strong excitonic absorption peaks
at the band-edge that can be resolved into multiple lines at
lower temperatures.3%31 Four exciton lines in PEPI are simi-
larly separated by =38 meV and have been previously assigned
either to a vibronic progression of the excitonl323% or distinct
exciton-polarons.?*3¢I The changes in the absorption and PL of
PEPI and BAPI with increasing temperature (Figure 2a,b) can
be described by a combination of an increase in the bandgap,
an increase in relative Stokes shift,] and a gradual shift of the
dominant emission line from P1/B1 to P2/B2 following a tem-
perature-activated behavior.’8! An abrupt shift marks a phase
transition in BAPI around 270K.P**I We note that a residual
phase mixture is still present in BAPI even at 4K, leading to
additional features observed in the absorption and PL spectra
associated with the high-temperature phase, which are marked
in Figure 1d as B4 and B3. Another peak at lower energies (B5,
at =2.2 eV) can be observed in the PL spectrum at low tempera-
ture and has been previously assigned to defect states or self-
trapped excitons.[*]

Based on the Elliott formula, > and the direct observation
of the band-edge onset, we determine exciton binding ener-
gies (Eg) of approximately =210 meV for PEPI and =250 meV
for BAPI (see Section S3, Supporting Information, for details).
These values are not substantially affected by temperaturel®!
and agree with previous reports in the literature.?*#] The
larger values of Ep observed in BAPI with respect to PEPI can
be explained by the stronger dielectric mismatch between the
organic spacer and the lead iodide layers and, consequently,
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Figure 2. Temperature dependence of the PL of a) PEPI ((PEA),Pbl,) and b) BAPI ((BA),Pbl,), dashed lines show the absorption spectra. FWHM
of the main band-edge PL peak of c¢) PEPI and d) BAPI (B2 and P2, respectively) as a function of temperature are displayed as dots. The solid line
shows the fit to a combination of inhomogeneous broadening and phonon coupling. e,f) THz absorption spectra at 4K (blue) and 295K (red) for

(e) PEPI and f) BAPI.

stronger dielectric confinement of the exciton.2) However,
we note that the presence of multiple exciton lines, broad-
ening, and disorder typically complicate the analysis of Ep in
these materials.

The temperature dependence of the PL lineshape also
offers interesting insights into the charge-phonon coupling
mechanisms at play.B1#441 The full width at halfmaximum
(FWHM) of the dominant band-edge PL peak in PEPI (P2) and
BAPI (B2) is shown as a function of temperature in Figure 2¢,d.
In lead halide perovskite semiconductors, the Frohlich interac-
tion with longitudinal optical (LO) phonons has been reported
to be the dominant contribution to homogeneous PL broad-
ening.’”) Our THz experiment is capable of measuring the
absorption spectra of transverse optical (TO) phonon modes,
from which we derive the corresponding LO phonon frequen-
cies using the Lyddane—Sachs-Teller (LST) relation between
the static and high-frequency values of the dielectric function®"
(see Section S5, Supporting Information, for details). From the
frequency of the pronounced TO phonon mode observed in the
THz absorption spectra of PEPI and BAPI and the LST rela-
tion, we obtain E;o = 11.8 meV for PEPI and E;5 = 11.3 meV
for BAPI . We employ these values as fixed parameters in fits to
the FWHM of the PL based on a Bose-Einstein term to capture
the temperature dependencel” (see Section S6, Supporting
Information, for details) and obtain coupling strengths of
%o = 25 meV for PEPI and 9§ = 32 meV for BAPI , indicating
stronger coupling of charge carriers to optical phonon modes
of the polar lead iodide lattice for BAPI . We note, however,
that such analysis of FWHM can be somewhat affected by
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inhomogeneous broadening, the presence of multiple peaks in
these 2D RP semiconductors, [*J and the presence of residual
phase mixtures.

2.2. Charge Transport

Such analysis of the temperature-dependent emission line
broadening provides intriguing initial insight into charge
transport properties in the 2D perovskites, as electron-phonon
coupling is one of the key factors regulating charge-carrier
mobilities in these semiconductors.l>3 To directly investigate the
charge-carrier mobilities in PEPI and BAPI, we employ optical-
pump terahertz-probe (OPTP) photoconductivity spectroscopy.
The OPTP experiment provides a non-contact measure of the
sheet photoconductivity AS induced by the incidence of pulsed
photoexcitation.[?>4%5 The effective electron-hole sum mobility
Uer = QU , Where ¢ is the photon-to-free-charge branching ratio,
is calculated from the AS amplitude immediately after pulsed
3.1 eV photoexcitation (see Section S2, Supporting Informa-
tion, for details). In the films studied, the semiconductor planes
are highly oriented parallel to the substrate (see GIWAXS in
Section S1, Supporting Information). Therefore, the electric
field vector of the incoming THz radiation probes the in-plane
mobility within the semiconductor layers. We obtain mobility
values of Ueg = 76 cm?/(Vs) for PEPI and p.g = 3.4 cm?/(Vs)
for BAPI at room temperature (295 K). The lower mobility of
BAPI agrees well with our observations of increased electron-
phonon coupling strength and lower LO phonon frequencies in
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Figure 3. a) Charge-carrier mobilities, calculated from the OPTP sheet photoconductivity AS signal immediately after photoexcitation with a 3.1 eV
laser pulse, as a function of temperature for PEPI (blue) and BAPI (red). OPTP photoconductivity transients obtained with various intensities of 3.1 eV
photoexcitation of b) PEPI and d) BAPI at room temperature (295 K). Complex OPTP photoconductivity spectra of ¢) PEPI and e) BAPI obtained at
room temperature at = 2 ps time delay following 3.1 eV photoexcitation. The solid lines show the fitted spectra as a combination of Drude conductivity

with a photoinduced phonon shift.

BAPI with respect to PEPI. These observations also agree with
previous reports of increased lattice softness in BAPI,P®! which
will induce a softening of optical modes and increase in Froh-
lich coupling at a given temperature.’”] Such significant varia-
tions of lattice dynamics and charge-carrier mobilities observed
between PEPI and BAPI are particularly interesting considering
their similar dimensionality, bandgap, and inorganic frame-
work composition. Our findings thus demonstrate the substan-
tial impact of the organic spacer in these Ruddlesden-Popper
perovskites, which is in remarkable contrast to their 3D coun-
terparts with ABX; stoichiometry, where choice of organic cat-
ions on the A site plays a very minor role in dictating the optical
phonon frequencies and intrinsic charge-carrier mobilities.>>*"]

We proceed by analysing the temperature dependence
of charge-carrier mobilities (Figure 3a) in order to examine
the mechanism of transport in these semiconductors. PEPI
and BAPI show a clear trend of increasing mobilities with
decreasing temperatures. This is clear evidence of band trans-
port, for which electron-phonon coupling is reduced at lower
temperatures,®® similar to the trends observed in 3D perov-
skites.’®l This interesting observation of band transport dem-
onstrates an absence of small polaron formation that would
manifest itself as thermally-activated hopping transport and
decreasing mobilities at low temperature.” We also note an
abrupt change in the mobility values of BAPI at the phase
transition temperature as a response to the relaxation of the
octahedral tilting. Although previous reports have suggested
that the enhanced anharmonic lattice fluctuations would con-
tribute to reduced mobilities in the room temperature phase of
BAPL™ our experimental findings clearly demonstrate higher
mobility above the phase transition. This interesting obser-
vation is in agreement with theoretical predictions of lower
charge-carrier mass in the room-temperature phase compared
to the low-temperature phase in BAPI, as reported by Ziegler
et all The band-transport trend shown in Figure 3a has
also been observed in BAPI by Gelvez—Rueda et al. based on
time-resolved microwave conductivity (TRMC) measurements,
although with no apparent impact of the phase transition.l?8l
We note that TRMC and OPTP spectroscopy probe charge-
carrier mobilities with different time resolutions and range of
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charge-carrier motion.’’” TRMC probes over a longer time scale
and is more impacted by the presence of excitons, trapping,
and interface effects. We also note that previous experiments
have probed charge transport by the spatial profile of emission,
where resonance energy transfer may also play a role in exciton
diffusion mechanisms.¥ The OPTP experiment, in contrast,
probes short-range transport immediately after photoexcita-
tion, and as we discuss later, reflects mainly free charge-carrier
transport.??) With OPTP, we are therefore able to, for the first
time, reveal experimentally the impact of the changes in effec-
tive mass!® at the phase transition of (BA),Pbl,.

2.3. Charge-Carrier Dynamics

To investigate the charge-carrier dynamics within the 2D
perovskite films, we obtained the time-resolved OPTP pho-
toconductivity signal by scanning the time delay between the
optical pump and the THz probe pulses. We observed a very
fast initial decay of the OPTP AS signal over the first few pico-
seconds upon 3.1 eV photoexcitation, significantly above the
band gap, as shown in Figure 3b,d. To determine the nature of
charge carriers that give rise to the OPTP signal, we acquired
the frequency-resolved THz photoconductivity by scanning the
time-domain profile of the THz probe and applying a Fourier
transform. The real and imaginary parts of the photoconduc-
tivity spectra of PEPI and BAPI at room temperature and delay
time of 2 ps after photoexcitation are shown in Figure 3c,e. We
note the presence of phonon modulations superimposed with
the spectra, which are associated with photoinduced shifts of
the phonon resonances.l*-%3 Aside from such phonon modu-
lations, the photoconductivity spectra are in good agreement
with the Drude model of conductivity arising from the accel-
eration of free charge carriers under the THz electric field and
experiencing random scattering events.’*-% The absence of
a negative imaginary component in the complex photoconduc-
tivity spectra is contrary to previous observations in perovskite
semiconductors presenting quantum confinement, or at tem-
peratures below the exciton binding energy,”®%%8] in which
the frequency-resolved conductivity is known to deviate from
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the traditional Drude formula.l®®®71 The Drude-like spectra
obtained for PEPI and BAPI agree with the evidence of band-
like in-plane transport from the temperature-dependent mobili-
ties, and indicate a negligible contribution of localised charge
carriers or excitonic resonances to the OPTP signal (see sim-
ulated spectrum with excitonic resonances in Figure S9, Sup-
porting Information). We note that previous reports of OPTP
measurements in 2D perovskites have indicated stronger locali-
zation effects.’”l However, our experiments are performed over
a limited range of low THz frequencies which are more sensi-
tive to free charges. Furthermore, the orientation of the organic
barriers may also affect the scattering rates if positioned per-
pendicular to the THz electric field which lies along the sub-
strate plane. However, given that the semiconductor planes
in our 2D perovskite films are highly oriented parallel to the
film and substrate, our measurements reveal that the transport
along such planes is actually intrinsically band-like. Based on
these observations, we conclude that the photoconductivity
transients displayed in Figure 3b,d is associated with a free
charge-carrier population exhibiting Drude-like band transport.

Having established that the OPTP transients arise from free
charge-carrier populations, we proceed by investigating the ori-
gins of the pronounced and rapid decay of photoconductivity
observed at early times. To disentangle the multiple photophys-
ical processes occurring over the first picoseconds after photo-
excitation, we developed a new experiment for monitoring the
photoconductivity and transient absorption (TA) in parallel, in
situ, for a given sample. Our experiment measures the differen-
tial transmission AT/T of a broadband optical probe simultane-
ously to the acquisition of OPTP photoconductivity transients.
Figure 4d,e shows the TA spectra of PEPI and BAPI . As the
optical band-edge is dominated by the excitonic absorption in
these materials, the exciton contribution also dominates the TA
spectra at the band-edge. Although we observe little contribu-
tion from band-filling photobleach, we note that the presence
of free charge carriers contributes to screening, and therefore
reduces the oscillator strength of the exciton. Therefore, the
photobleach of the exciton transition is induced by the presence
of both excitons and free charge carriers.”3! Consequently, the
TA spectral lineshape can be successfully fitted as a combina-
tion of bandgap renormalisation and changes to the position,
broadening, and amplitude of the exciton absorption peak”
(see Section S7, Supporting Information, for details).

Figure 4a,b shows the dynamics of the exciton photobleach
(PB) for PEPI and BAPI films. The simultaneous OPTP pho-
toconductivity dynamics obtained in situ are shown as bound-
aries to the shaded blue area for comparison. Interestingly,
unlike the OPTP photoconductivity, the PB dynamics do not
exhibit a fast initial decay. This suggests that the overall charge-
carrier population (excitons and free charge carriers combined)
remains mostly unchanged over these early times, as would be
expected for high-quality materials for which recombination
should be negligible on the picosecond time scale. This obser-
vation points to the formation of excitons as responsible for the
fast decay of OPTP photoconductivity, rapidly quenching the
population of free charges that give rise to the AS signal.

We further proceed by analysing features associated with
the thermal relaxation of charge-carriers from an initially “hot”
population with elevated temperature, to a “cool” population
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Figure 4. Transient absorption (TA) dynamics superimposed with the
OPTP photoconductivity (AS) transients (boundaries to shaded area)
acquired simultaneously in situ for a) PEPI , b) BAPI, and c) FACsPbls,
at 295 K, 3.1 eV photoexcitation with 19 u) cm=2 fluence. The respective
TA spectra are shown in d—f), where dots are experimental data and solid
lines are fits to the model described in Section S1 (Supporting Informa-
tion). The photobleach (PB) amplitude is taken from fits to the TA spectral
lineshape and the subgap photoinduced absorption (PIA) is taken as the
area of the negative signal below the band-edge.

reflecting the temperature of the surrounding lattice. Such
charge-carrier cooling dynamics are often evaluated by fitting
the high-energy side of the TA photobleach signal to a Boltz-
mann distribution.”’*7>! However, this approach is not particu-
larly valid in these 2D semiconductors, where exciton binding
energies of hundreds of meV would result in a large separa-
tion between the excitonic photobleach and the edge of the
continuum, and where we expect excitons to dominate the TA
spectra at the optical band-edge. Alternatively, we analyse the
subgap photoinduced absorption (PIA), because this has been
demonstrated to correlate reasonably well with the cooling
dynamics (see also Figure S13, Supporting Information).””! We
observe that charge-carrier cooling occurs over the first pico-
second after photoexcitation and is convoluted with the experi-
ment temporal resolution (Figures S21 and S22, Supporting
Information). Interestingly, the fast initial decay of the OPTP
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photoconductivity decay occurs over a similar timescale as
the cooling dynamics. After thermal relaxation, the photocon-
ductivity and TA photobleach follow the same dynamics (see
Figure S19 (Supporting Information) over the following hun-
dreds of picoseconds. These longer-time population dynamics
present a distinctively bimolecular character evidenced by the
fluence dependence of the transients (see Figure S16, Sup-
porting Information). Similar fluence dependence is observed
in the photoluminescence decays obtained by PL up-conversion
transient spectroscopy (see Figure S18, Supporting Informa-
tion). We therefore attribute the observed bimolecular dynamics
to remaining free electron and hole populations encountering
each other to recombine radiatively.

To help disentangle the effects of cooling, exciton forma-
tion, and population dynamics, we have also performed the
combined OPTP and TA experiment using a film of 3D lead
iodide perovskite FACsPbI;, where FA is formamidinium
(Figure 4c,f). The low Eg = 10 meV of FACsPbI;, which is
typical for these 3D metal halide perovskites,|®7%7’] leads to
a negligible exciton population at room temperature.?’! This
rise in photoconductivity concurrent with the charge-carrier
cooling in FACsPbI; is in agreement with lower mobilities
for hot charge carriers, resulting from the non-parabolicity
of the band."®”’! Following cooling, the photoconductivity
and band-edge photobleach of FACsPbI; follow the same
dynamics (see longer range in Figure S20, Supporting Infor-
mation). The concurrent OPTP and TA dynamics and the
absence of fast early decays in FACsPbI; support the assign-
ment of the early OPTP dynamics of 2D perovskites to the
rapid formation of excitons, quenching the population of free
charge carriers while having minimal impact on the total
charge-carrier population.

It is worth pointing out that the increase in charge-carrier
mobilities observed during cooling in FACsPbl; may suggest
that the mobilities in PEPI and BAPI (Figure 3a) measured at
very early times may be slightly underestimated. However, we
also note that the cooling dynamics in 2D Ruddlesden-Popper
perovskites photoexcited at fluences below the hot-phonon
bottleneck regime is expected to be faster compared to that of
their 3D counterpart,®-82 reducing such effects. Furthermore,
in our experiments the energy offset between the 3.1 eV pump
and the bandgap is lower in PEPI and BAPI than in the low-
bandgap FACsPbl;, which also contributes to faster cooling
to the band-edge. Therefore, we conclude that, based on these
observations, the early-time dynamics following photoexcita-
tion of PEPI and BAPI are dominated by charge-carrier cooling
and exciton formation, after which a quasi-equilibrium is
established, and during which little charge-carrier recombina-
tion occurs. Our data show that such initial relaxation in PEPI
and BAPI is essentially stabilized within the first 1-2 ps after
3.1 eV photoexcitation.

We further confirm these conclusions by performing the
OPTP experiment also with pump-photon energy of 2.38 eV,
that is, resonant with the exciton absorption peak of both PEPI
and BAPI at room temperature. To facilitate comparison
between the amplitudes for the two excitation energies (3.1
and 2.38 eV) and different temperatures, we show the signal
in Figure 5a,b plotted as AS, which equals AS normalised by
the density of absorbed photons and by the charge-carrier
mobility. For excitation with high-energy 3.1 eV photons sig-
nificantly above the band edge, exciton formation results in
a quick depletion of the initial free charge-carrier popula-
tion, while the OPTP transients obtained with the 2.38 eV
photoexcitation show no such fast initial decay. In addition,
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Figure 5. a,b) OPTP photoconductivity transients at comparable photoexcitation densities (2.5x10' cm~2) obtained at room temperature (295 K) with
3.1 eV excitation pulses (light blue) and 2.38 eV excitation (orange), and at 4K with 3.1 eV excitation (dark blue), for (a) PEPI and (b) BAPI. For better
comparison, the signal is shown as AS, which equals AS normalised by the area density of absorbed photons and by charge-carrier mobility (assuming
the same mobility is experienced after 3.1 and 2.38 eV excitation but changes with temperature). For reference, the inset of (b) shows the normalised
absorption spectra of PEPI (solid line) and BAPI (dashed line) with the excitation energies highlighted. c) Fraction of remaining free charge-carrier
population taken from the ratio ASs,;/ASy ratio, where ASs, is the OPTP signal taken at t=5 ps, measured for PEPI and BAPI at room temperature and
various photoexcitation densities, and d) at different temperatures, for constant photoexcitation density (2 x 10'® cm~2). The photoexcitation densities
per layer are calculated as a weighted average of absorbed photons per layer (see note in S9 for details).
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regardless of the initial photoexcitation energy, the amplitude
of the photoconductivity transients eventually reaches similar
values for both above-gap and near-gap excitation. These obser-
vations also agree with photocurrent measurements, as we have
recently reported,?”) which probe charge transport at longer
ranges and timescales and therefore closer to equilibrium con-
ditions. Given that the photoconductivity signal originates from
free charge carriers, as previously discussed, the fast decay in
the OPTP transients observed for above-gap 3.1 eV excitation
thus derives from a higher, non-equilibrium fraction of free
charge carriers initially generated, compared to excitation near
the excitonic resonance, at 2.38 eV. However, once exciton for-
mation has been completed within the first few picoseconds,
we indeed observe that the populations of excitons and free
charge carriers reach very similar quasi-equilibrium conditions,
regardless of the excitation photon energy.

2.4. Exciton to Free Charge Carrier Ratios

Interestingly, the simultaneous TA and OPTP dynamics in
Figure 4 shows that a significant photoconductivity signal is still
present at quasi-equilibrium conditions, suggesting a substan-
tial population of free charge carriers is preserved. This insight
into exciton formation directs us to a key question in 2D perov-
skite photophysics?l: what is the fraction of photogenerated
free charge carriers that ultimately form excitons in equilib-
rium? The formalism most commonly employed to answer
this question is the Saha equation,®#4 which gives the equi-
librium branching ratio & = nge./no, that is, the fraction of free-
carrier density ng.. out of the total density of electron-hole pairs
g = Nee T Mex Where n, is the exciton density, according to

o« ! exp(‘—EB] o
1= ny(h/2amTeT) kT

where d is the semiconductor dimension, T is the temperature,
and m* is the electron-hole reduced mass. The shaded areas of
Figure 5c,d shows the equilibrium fraction of free charge car-
riers « calculated by Equation 1 for different values of Ep as a
function of photoexcitation density and temperature in a sheet
of 2D semiconductor.

We proceed by attempting to extract the equilibrium ratio o
of the free-carrier density nge. to the total density of electron-
hole pairs from OPTP transients recorded for significant above-
gap excitation (3.1 eV). We note that the main contrast between
the Saha equation and conditions for our OPTP experiment
is that the Saha equation represents an equilibrium situation.
However, as we discussed above, a quasi-equilibrium condi-
tion can be considered to be reached after a few picoseconds
following photoexcitation. Let us then assume that the ampli-
tude of the OPTP signal at ¢t = 0 arises from a population of
free charge carriers, with no significant excitonic populations
yet having been established. These charge carriers subse-
quently relax, with a fraction forming excitons and establishing
an equilibrium between free charge carriers, by a given time
after excitation, which we take here to have been completed by
a reference point of 5 ps after excitation. Under the reasonable

Adv. Funct. Mater. 2023, 33, 2300363 2300363 (7 of 1)

assumption that on this time scale, the charge-carrier mobility
has not changed, and an insignificant fraction of charge car-
riers has recombined, the photoconductivity signal at t = 0 (AS)
can therefore be taken as reflecting the total density of electron-
hole pairs in the system, before and after equilibrium has been
reached, while the photoconductivity signal after the initial fast
decay has occurred (ASs taken at 5 ps) represents the density
of free charge carriers ¢ remaining at equilibrium. The value of
ASs, divided by the signal ASg at t = 0 therefore experimentally
yields the ratio  of free charge-carrier density to total electron-
hole pair density at equilibrium.

Figure 5c shows the fluence dependence of the extracted
ASs,s/AS, ratio measured for PEPI and BAPI films at room
temperature. As predicted by the Saha equation, the fraction of
remaining free-carrier photoconductivity after exciton forma-
tion decreases with increasing photoexcitation density, and is
lower in BAPI compared to PEPI, in agreement with the higher
Ep in BAPI. The experimentally extracted values of o at room
temperature are reasonably similar with the theoretical predic-
tions, in agreement with our previous observations of long-
range photocurrent measurements.>”) However, the decrease in
ASsps/ASg ratio over increasing fluence is less pronounced than
the theoretical prediction, suggesting free charge-carrier popu-
lations at room temperature may be higher than expected.

At low temperatures, the discrepancy between the
ASsp,s/AS ratio and the theoretical value of & predicted from the
Saha equation is even more contrasting, as shown in Figure 5d.
We find that at 4K, while the Saha equation predicts a value of &
very close to zero, the experimentally determined value is closer
to 0.2. In fact, the photoconductivity dynamics in Figure 5a,b
indicates a significant population of free charge carriers that
are not fully converted into excitons being preserved even after
hundreds of picoseconds at 4K. Therefore, while the decrease
in free charge-carrier populations with decreasing tempera-
ture qualitatively agrees with the expected thermally-activated
exciton dissociation, this temperature dependence is far less
severe than one would calculate from the Saha equation.

We point out that any instantaneous exciton formation or
rapid dynamics®! convoluted with the temporal resolution of
the OPTP experiment may result in a slight underestimation
of AS, leading to somewhat elevated values for the free-charge
fraction of the total charge-carrier pairs. However, only an
underestimation factor as high as =30 would allow agreement
of our observations with the Saha predictions within the experi-
mental boundaries (see Section S10, Supporting Information).
We note that any underestimation of AS, would equally affect
the photon-to-free-charge-branching ratio ¢, which we consider
to be equal to 1 to derive the values of L. plotted in Figure 3a.
Any such severe inaccuracy by a factor of =30 would imply
charge-carrier mobilities exceeding by an order of magnitude
those typically recorded®%”] for corresponding 3D lead iodide
perovskites, which is highly unlikely. Therefore, we infer that
our analysis is not significantly affected by any major underes-
timation of AS,,.

We now discuss the possible origins of such surprisingly
large populations of free charges in a quasi-equilibrium situ-
ation. We examine the two possible scenarios of suppression
of initial exciton formation and generally enhanced exciton
dissociation rates. The more pronounced deviations from the
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Saha predictions at low temperatures suggest the presence of
thermally-activated mechanisms. The stabilisation of separated
electrons and holes in the form of large polarons may result in
an energy barrier for the formation of excitons.®l Another pos-
sible consideration is that free charge carriers immediately after
photogeneration may fall into separate layers of the inorganic
lattice. These polycrystalline n = 1 2D perovskites are formed
by a regular layered structure, and the separation of electrons
and holes by the organic spacer layers could hinder the forma-
tion of bound excitons. This rapid separation of charge carriers
would be facilitated by the high charge-carrier mobilities, par-
ticularly at low temperatures, combined with the excess photo-
excitation energy of the 3.1 eV pump. However, the OPTP
transients do not indicate any significant variation in exciton-
formation dynamics with temperature and excitation fluence,
with similar timescales observed for the rapid early decay (see
Figure S16, Supporting Information). Furthermore, as shown
in Figure 5a,b, even direct photoexcitation of excitons results
in similarly large free-charge populations at equilibrium,
pointing to efficient dissociation mechanisms rather than sup-
pressed exciton formation as the dominant factor driving such
a remarkably high ratio of free charges.

The efficient dissociation of excitons in 2D perovskites has
been previously reported to occur at interfaces and grain bound-
aries,¥# facilitated by fast exciton diffusion.l® However, such
effects are not expected to be as significant in the phase-pure
n =1 RP materials examined in the present work. Moreover, the
high levels of crystallinity and homogeneity of the material is
evidenced by long-range charge-carrier mobilities obtained by
transient photocurrent methods recently reported.?’l We also
highlight that no difference was observed when photoexciting
from either side of the film (see Figure S23, Supporting Infor-
mation). There are likely to be significant differences in the
crystallinity, surface energy, and defect compositions across the
various interfaces. The absence of any impact on the recorded
transients therefore demonstrates a negligible impact of inter-
faces on the exciton dynamics and suggest that the observed
efficient exciton dissociation rates are an intrinsic property of
2D RP perovskites.

Another factor to consider is the Coulombic screening of
excitons by free charge carriers. However, significant screening
is expected only above the Mott transition, estimated®® to occur
near charge-carrier densities of 2 X 10! cm™2. We do not observe
any increase in free charge population with increasing excita-
tion fluence in our experiments. Hence we can safely assume
our observations lie below the Mott transition.288.8

It is worth noting that while the Saha equation considers
a unique exciton binding energy for the calculation of free-
carrier population, both PEPI and BAPI present complex fine
electronic structures indicating multiple contributions to the
photogenerated populations. In fact, the complex exciton fine
structures highlight the polaronic character of the excitons,
which is an important aspect to consider.3¢3%%] The dynamic
polaronic screening of the exciton has recently been proposed
to reduce the effective binding energy, potentially enhancing
exciton dissociation in 2D perovskites.’*?!l Intriguingly, our
work presents two aspects that contrast with such previous
reports. One is that such polaronic screening effects were sug-
gested to be absent in strongly confined n = 1 2D perovskites
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such as (PEA),Pbl, and (BA),Pbl,, contrary to our observa-
tions of enhanced free-charge populations in these materials.
Another interesting contrast is in our observation of large free-
charge populations at low temperatures, which rule out a ther-
mally-activated polaronic screening. We also propose that any
heterogeneity in the energetic landscape present in these mate-
rials as a result of their lattice softness may promote the separa-
tion of charges. However, to preserve the agreement with the
band-transport and high charge-carrier mobilities we report,
any such effects must not result in strong charge localisation.
Overall, our results point either towards the existence of signifi-
cant polaronic screening even at 4K, or to further mechanisms
stabilising a large population of free charge carriers, potentially
through thermal fluctuations or local distortions.

Our investigation of photoconductivity and charge-carrier
dynamics in PEPI and BAPI provides unequivocal evidence of
deviations from the Saha equation which agree with previous
observations for some low-dimensional perovskites.[28:86.9091
Such deviations demonstrate how the commonly used theoret-
ical treatments of 2D perovskite photophysics still fall short of
an accurate description of the material behavior, and indicate
that the relative free charge-carrier populations may be much
higher than commonly expected. Although at this moment
we are not able to determine which mechanism provides the
dominant cause of these effects, we hope our findings will raise
attention to this intriguing open question regarding the pho-
tophysics of 2D perovskites. Future insights and experimental
strategies in this area may open possibilities to manipulate
the exciton population for optimal device performance. Com-
bined with the high charge-carrier mobilities and band trans-
port (Figure 3a), our observations of large free charge-carrier
populations demonstrate remarkably efficient in-plane charge
transport properties in these layered semiconductors, despite
strong dielectric confinement in the direction perpendicular to
the organic spacer layers. We also highlight that the effects we
report are particularly striking at low temperatures, for which
we observe the most significant deviation from the expected
relative exciton populations and the highest mobilities associ-
ated with band transport. This finding implies great potential
for device applications optimised for low-temperature opera-
tion, such as in outer space.

3. Conclusion

In conclusion, we reveal optoelectronic and charge-trans-
port properties for the 2D Ruddlesden-Popper perovskites
(PEA),Pbl, and (BA),Pbl,. We demonstrate high charge-carrier
mobilities within the plane of the 2D semiconductor sheets,
comparable to those encountered in the 3D counterparts, and
band transport behavior reflected by increasing mobilities with
decreasing temperature over the 4-295K range. We show that
although (PEA),Pbl, and (BA),PbI, exhibit similar levels of
electronic confinement, bandgap energies, and emission prop-
erties at room temperature, the 2D perovskite with BA cations
as a spacer is affected by enhanced coupling of charge-carriers
to phonons, resulting in lower charge-carrier mobilities with
respect to the case for PEA cations. Our OPTP measurements
with high temporal resolution are exclusively sensitive to free
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charge carriers, and, in combination with simultaneous TA
acquisition, provide direct insight into the exciton formation
process. Our observations reveal a large, long-lived relative pop-
ulation of free charge carriers that persists even at low tempera-
tures, far exceeding the predictions of the Saha equation. The
high fraction of free charge carriers, combined with remarkably
high charge-carrier mobilities and band transport demonstrate
exceptionally efficient charge transport properties in the plane
of these layered semiconductors. Notably, the efficient charge-
transport properties coexist with sharp emission from strongly-
confined excitons that result from the low dimensionality of the
material, providing an interesting and uncommon combination
of functional characteristics. Our findings also demonstrate the
potential of such materials for transistors and electrically driven
light emitters. This efficient transport of free carriers is also a
promising feature for their application in high-bandgap photo-
voltaics, provided that complete control over appropriate layer
orientation is achieved in planar-architecture devices.

4. Experimental Section

Sample Preparation: Lead(ll) iodide (Pbl,, 99.999%, metal basis)
was purchased from TCI chemicals. Cesium iodide (Csl, 99.99%)
was purchased from Alfa-Aesar. Formamidinium iodide (FAI) was
purchased from GreatCell Solar. Phenylethylammonium iodide (PEAI),
butylammonium iodide (BAl), dimethylformamide (DMF, anhydrous,
99.8%), dimethyl sulfoxide (DMSO, anhydrous, >99.9%), anisole
(anhydrous, 99.7%), isopropyl alcohol (IPA), and acetone were
purchased from Sigma-Aldrich. All chemicals were used as purchased
without further purification unless stated otherwise.

FACsPbls: Pbl,, FAI, and Csl where mixed in a nitrogen-filled
glovebox in ratios to yield the stoichiometry of FA¢CsoiPbls. The
precursors were then mixed with DMF:DMSO (3:1) to yield a 1.0 m
precursor solution. After mixing for at least 3 h in the glovebox, 250 uL
of solution was spin-coated dynamically onto clean glass or quartz
substrates using a standardized program of 1000 rpm for 10 s then
5000 rpm (2000 rpm acceleration) for 35 s. The precursor solution was
dropped at 5-6 s after the start of the program. Then, 350 uL of anisole
was dropped onto the spinning film 35 s after the start of the program.
It took 1-2 s to drop the anisole. Subsequently, the films were annealed
at 100°C for 15 min.

(PEA),Pbl, and (BA),Pbl,: Stoichiometric amounts of Pbl, and
PEAI/BAI were mixed in a nitrogen-filled glovebox with DMF to yield
a 0.6 m precursor solution. After at least 3 h of mixing, the solution
was spin- coated in a drybox using an optimized protocol: The
film was spun at 1000 rpm for 10 s. After 5 s, 250 uL of precursor
solution was dropped onto the spinning film. The spin speed was then
increased to 6000 rpm (2000 rpm acceleration) for an additional 40 s.
No antisolvent was needed. The films were annealed on a hotplate at
100°C for 15 min.

Optical Characterisation: Reflection and transmission spectra were
measured using a Bruker 80v Fourier-transform infrared spectrometer
with a tungsten halogen lamp source, a CaF, beamsplitter and a
silicon diode detector. High temporal resolution time-resolved PL
measurements were performed using upconversion PL spectroscopy.
For these, the output of a tunable Ti:Sapphire oscillator (Spectra
Physics Mai Tai, 80MHz, 100 fs pulse width) was split into a pump
line and an optical gate. The samples were illuminated with 410 nm
light obtained by frequency-doubling the 820 nm fundamental laser
output. The PL collected from the sample was focused onto a BBO
crystal, overlapped with the gate beam. The sum-frequency photons
were then collected into a spectrometer and a CCD detector. The short
pulse width of the optical gate determines the enhanced temporal
resolution of the experiment. The time delay between the pump and
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the optical gate was varied using a linear translation stage for recording
the PL dynamics.

Optical-Pump THz-Probe (OPTP): Measurements were performed
as previously described by Wehrenfennig et al.’? The optical pump
excitation was obtained by frequency doubling the fundamental
laser output through a BBO crystal, resulting in 3.1 eV photons, or
by tuning the output of an optical parametric amplifier to generate
2.38 eV photons. THz probe pulses were generated by a spintronic
emitter which was composed of 1.8 nm of CoyFes B, sandwiched
between 2 nm of tungsten and 2 nm of platinum, supported by a
quartz substrate. Detection of the THz pulses was performed using
electro-optic sampling in a (110)-ZnTe crystal (thickness 1 mm). The
FWHMs of the beams for the pump and THz pulses at the sample
were measured to be 2 mm and 0.5 mm respectively. The sample, THz
emitter and THz detector were held under vacuum (<102 mbar) during
the measurements.

Transient  Absorption  (TA): Measurements were  performed
simultaneously and in situ with the OPTP experiment. A broadband
optical probe was generated by focusing a branch of the 800 nm
fundamental output of the laser into a 3-mm c-cut sapphire disk.
The optical probe was focused onto the sample (spot size FWHM of
150 um) overlapped with the THz probe and optical pump, collected in
transmission and detected with a silicon photodiode. The OPTP and TA
dynamics were not affected by the presence of either probe beam. The
time delay of the optical and THz probes were adjusted to be similar,
but t = 0 was manually corrected for each. In addition, the wavelength
dependence of t =0 in the TA experiment was corrected according to the
dispersion of the optical probe.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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