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Abstract

Recently, Ruddlesden-Popper 2D perovskites
(RPPs) solar cells and Light-Emitting Diodes
(LED) have shown promising efficiencies
and improved stability in comparison to 3D
halide perovskites. Here, the exciton recom-
bination dynamics is investigated at room
temperature in pure phase RPPs crystals
(CeH5CoH4NH3)o(CH3NH3), Pbyls,y  (n=1,
2, 3 and 4) by time-resolved photoluminescence
in a large range of power excitations. As the
number of perovskite layers increases, we de-
tect the presence of an increasing fraction of
out-of-equilibrium free carriers just after pho-
toexcitation, on a picosecond timescale, while
the dynamics is characterized by the recombina-
tion of excitons with long lifetime spanning on
several tens of nanoseconds. At low excitation
power, the PLL decays are non-exponential due
to defect-assisted recombination. At high flu-
ence, defects are filled and many body interac-
tions become important. Similarly to other 2D
systems, Exciton-Exciton Annihilation (EEA)
is then the dominant recombination path in a

high density regime below the Mott transition.
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Two-dimensional Ruddlesden-Popper per-
ovskites present the general formula
(RNH3)2(MA),,—1A,X35,4+1 where MA=CH3NHj3,
R is an alkyl or aromatic group, M is metal and
X is halide. They formed self-assembled two-
dimensional structures with n AXg octahedra
layers separated by organic molecules. Quan-
tum and dielectric confinement leads to the
formation of strongly bound excitons.!? The
electronic properties can be tuned by increas-
ing the number of inorganic layers from 2D to
3D (n=00).%

Recently, RPPs have attracted great atten-
tion for solar cells applications since a break-
through in 2016 in the growth procedure of
pure RPPs compounds® and their use in 2D /3D
mixed solar cell structures.” In both cases, a
greater long-term stability than their 3D coun-
terpart was demonstrated. Additionally, RPPs
are also particularly promising for their emis-
sion properties. Light-emitting diodes (LED)
have been realized with mixed phase®® and
pure phase RPPs.'® Importantly, the latters
present a greater operational stability. Am-
plified Spontaneous Emission (ASE) with low
threshold has been reported in mixed phase
RPPs, due to the efficient energy transfer from
high band-gap to low band-gap phases where
carriers are in consequence concentrated.!!!2
Interestingly, low threshold lasing has been
recently observed in pure phase RPP single
crystals based on the butylammonium (BA)
cation.!3

Most of the studies on the carrier dynamics
focused on mixed phase thin films for which car-
riers properties are very dependent of the spe-
cific distribution of phases due to energy/charge
transfer.*2! To the best of our knowledge, only
a few reports have investigated the recombi-
nation dynamics in pure phase RPPs*2¢ and
only one on the high excitation regime using
pump-probe spectroscopy, but focusing on the
sub-ns time range.?

To optimize the performance of devices, a bet-
ter understanding of the recombination mech-
anisms and sources of non-radiative lossses is
necessary. Many-body effects are enhanced
in low dimensional materials. In particular,
Exciton-Exciton Annihilation is a two parti-

cles interaction in which an exciton recombines
nonradiatively to the ground state and trans-
fer its energy to a second exciton. The pro-
cess is analog to the three-body Auger inter-
action for free carriers. It has been studied
extensively in carbon nanotubes,?%?" quantum
dots,?®?° nanowires®*3! and 2D materials.*?™°
EEA and Auger recombination are limiting fac-
tors for carrier injection in light-emitting de-
vices.303® Interestingly, efficient EEA implies
that the inverse process, multiple exciton gen-
eration, could also be effective and lead to an
increase of the solar cells energy conversion effi-
ciency beyond the Shockley—Queisser limit. 3%40

Here, we study the exciton recombination in

pure phase PEA-based (PEA=phenylethylammonium
CgH5C,H,NH;") RPPs crystals (PEA)o(MA),,_1Pb,Is,41

(n=1, 2, 3 and 4) using Time-Resolved Photolu-
minescence (TRPL) measured in a large range
of excitation powers. The excitation in the con-
tinuum leads to the rapid formation of excitons.
However, for n>>1, a remaining fraction of free
carriers in a non-equilibrium state is detected
on a picosecond timescale just after excitation.
Then, the emission mechanism is dominated by
excitons. At low fluence, the PL decay is non-
exponential and dependent of the excitation
density due to the presence of non-radiative
recombination centers (NRCs). In particu-
lar, a sub-nanosecond component associated
to defect-assisted recombination is identified
for n<4. The density of defects increases with
lower number of layers. At higher excitation
power, many body effects can not be neglected

and the recombination dynamics is successfully
described by an EEA model.

The schematic structures of (PEA)o(MA),,_1Pb,I3,11

(n=1, 2, 3 and 4) crystals are shown in Figure
la. Figure 1b shows the PL spectra of the
synthetized crystals (Figure 1¢) at room tem-
perature (RT). The emission of each crystals is
characterized by a single peak, at the expected
energy position for (PEA)y(MA),,_1Pb, 113,11
single crystals. 24 We note that in the presence
of a mixture of different phases the emission of
RPPs is characterized by multiple peaks, and
the predominance of the lowest energy peak due
to the fast transfer of energy from the small-
n to the lowest bandgap phase (large n).%?
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Figure 1: a) Schematic representation of (PEA)y(MA),_1Pb,I3,11 (n=1, 2, 3 and 4) structures b)
Room temperature photoluminescence spectra of RPP crystals from n=1 to 4 ¢) Optical images of
crystals of the same RPP materials, scale bars represent 100 pym

Hence, the PL spectra reported in this study
are clearly indicative of pure phase crystals of
(PEA)Q(MA)n_lpan3n+1 (11:17 2, 3 and 4)

We observe a progressive blueshift of the
emission as n goes from 4 to 1, as expected
from the increase of the band gap due to quan-
tum confinement. 2 In RPPs, the exciton bind-
ing energy (E;) depends on the n value and in-
creases with the dielectric and quantum con-
finement. FE, has been estimated experimen-
tally to 220 meV for n=1 and 170 meV for
n—2 PEA based RPPs.** For n—3 and n—4,
we estimate E, to approximately 125 meV and
100 meV using the scaling law recently pro-
posed by Blancon et al. based on their study of
(BA)2(MA),,_1Pb,I3,11 (See Figure S2 and SI
for details).?

To assess the recombination mechanisms in
RPPs, we measured the TRPL dynamics after a
non-resonant excitation at 3.1 eV, using a large
range of excitation powers. We observe a non-
exponential dynamics for the four compounds,
with the slowest component of the order of sev-
eral tens of nanoseconds (Figure S3). In com-
parison, mono-exponential decays with a char-
acteristic PL lifetime of only 1-2 ns have been
reported for exfoliated crystals with n—1, 2, 3.2
The PL dynamics present a complex evolution
as function of n value and excitation power.

In order to analyze these PL decays, first we

report PLg, the PL intensity at t=0 ns, at the
instant of the pulse excitation, as a function
of excitation power density for n=1, 2, 3 and
4 (Figure 2). The scaling of PLy with flu-
ence is classically used to analyze the nature
of the radiative recombination processes.*> For
the purely 2D compound (n=1), PLy is linear
with the excitation density as it is expected
for exciton recombination (monomolecular pro-
cess). Upon excitation in the continuum, an un-
bound electron-hole pair is initially created be-
fore rapidly relaxing to lower energies and form-
ing an exciton. For n=1, an ultrafast relaxation
of approximately 150 fs has been measured. 5
For n>1, we observe a clear non-linearity,
increasing with n from 1.2 to 1.7 for n=4.
For the 3D perovskites CH3;NH3PbI; (MAPI)
a quadratic dependence (A = 2) with excita-
tion fluence has been observed, showing that
the emission arises from the recombination of
free carriers, a bimolecular process.*”*® Hence,
we interpret the nonlinearity of PLy for n>1
as due to the presence of a remaining fraction
of free carriers, having not yet formed excitons,
within our time resolution of approximately 100
ps (Figure S1). The increasing non-linearity is
consistent with a decrease of the exciton bind-
ing energy with the number of inorganic lay-
ers. Due to the large excitonic binding energy
of 2D perovskites, the photoexcited system will
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Figure 2: Room temperature photolumines-

cence emission intensity at t=0 ns (PLg) as a
function of fluence for n=1, 2, 3 and 4. The
power law dependence is shown by continuous
line. The relative values of intensities for n=3
have been vertically shifted for clarity.

evolve subsequently toward an excitonic equi-
librium state before recombination, as it has
been demonstrated in BA based RPPs.22:25:49

We turn now to the PL. dynamics. The recom-
bination dynamics for n=1, 2 and 3 show a sub-
nanosecond initial decay and a slower dynamics
which spans over several tens of nanoseconds
(Figure 3 a, b, ¢ and S2). For n=4 crystals,
only the slow component is observed. The non-
exponential nature of the decay is indicative
of the existence of different populations of ex-
citons, spatially separated.®® We suppose that
the population of excitons in layers close to the
surface experiences a higher density of defects
than excitons in deeper layers and are associ-
ated with the faster recombination rate. In-
deed, surface relaxation effects leading to de-
fects formation have been recently pointing out
in 2D perovskites.®!

As the fluence increases, the amplitude of the
fast component tends to decrease (Figure 3a, b,
¢) and the lifetime increases (Figure S5), which
is consistent with the progressive saturation of
non-radiative recombination centers. The lat-
ter should cause an increase of the photolu-
minescence Quantum Yield (QY). The Time-
Integrated Photoluminescence (TIPL) and rel-
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Figure 3: Evolution of PL decays as function of
excitation power on a 10 ns timescale a) for n=1
b) n=2 and ¢) n=3 d) n=4 (curves obtained at
longer time scales (100 ns) are shown on figure
S3)

ative QY (defined as TIPL/P where P is the
power density) are displayed in Figure 4. The
injected carrier density is reported on the top
x-axis. The QY has been normalized at its max-
imum value. A surlinear variation of the TIPL
and an initial increase of the QY with excita-
tion power is indeed observed which confirms
the assignation of the sub-nanosecond decay to
NRCs and the longer lifetime to the effective
exciton lifetime. This is consistent with our ob-
servation of a shorter lifetime on polycrystalline
n=1 thin films than crystals (Figure S4).4% Ad-
ditionally, a recent study on n—1 PEA based
crystals indicates that light degradation causes
an increase of the fast component, which con-
firms its extrinsic nature. 5

After the fast initial decay, the PL dynam-
ics is exponential as expected for excitonic re-
combination (Figure S6). Remarkably, a lower
excitation power is necessary to suppress the
fast decay as n increases. For n=4, there is
no sub-nanosecond component and the PL de-
cay is nearly exponential and independent of
the injection density at low fluence (Figure 3d)
which is consistent with the recombination of
excitons. Hence, the density of NRCs specifi-
cally associated with the sub-nanosecond com-



Carrier density (cm™) Carrier density (cm?)

10" 10" 10" 10" 10" 10" 10" 10"

Carrier density (cm?) Carrier density (cm?)

10° 10m 107 10 10 10" 10 107

a) Z 10°4 n=1 / b) 10t n=2 /'.
5 K
. 104 °
g .'0 10 °
< 10°y ... /
i .f 10 M
|: 10 Y Y
1.0 . 1.0 P
- : (N ®
E '.0 .‘ v ..... ®
2 . ’
05 . 05 Q
5 |- :
i °
o. o.

1 10 100 1 10 100

Power density (uJ.cm?) Power density (uJ.cm?)

C) 10* n=3 d ) h=4 ,
; 10°4 ...
10°4 b
10 s
10°4 .'
[ ]
1.0 1.0 &
&
[
0.54 0.5 °
. . "
..

1 10 100 1 10 100

Power density (uJ.cm?) Power density (uJ.cm?)

Figure 4: a) Time-integrated PL and normalized quantum yield as function of fluence for a) n=1
b) 2 ¢) 3 and d) 4. Top x-axis, estimated carrier density

ponent, seems to decrease with increasing per-
ovskites layers. The observation is in good
agreement with the study of X.-Y. Zhu and
coworkers on BA based RPPs thin films.? We
note however that the increase of the QY with
power excitation for n=4 is indicative of the
presence and saturation of traps in this com-
pound.

The evolution of the PL decays is continuous
from n=2 to n=4, however it changes dramati-
cally going from n=1 to n=2 (Figure 3b, ¢ and
S2). In particular, for n—=2 and n=3, the fast
initial decay presents a characteristic time of
approximately 120 ps in comparison to 400 ps
for n=1. It is important to note that not only
the width of the inorganic layer (the well) is in-
creased but CH;NH;" organic cations are also
added to the structure. The latters may inter-
act with the charges through electric field and
impact the recombination dynamics.?*

Increasing the excitation power further, we
observe a new regime characterized by an in-
creasing recombination rate for all compounds.
For n=1, at excitation power superior to 100
pd.cm™2 ( carrier density > 10'? em™2), both
the lifetime and QY decrease. We note that
at the carrier density used here, the 2D mass-
action law, known as Saha equation, which de-
scribes the equilibrium between free and corre-
lated electron-hole pairs, indicates the forma-
tion of a population of excitons (Figure S7). At

a density of 102 ¢m~2 | the average exciton-
exciton separation, \/% is inferior to 10 nm.
A rough upper estimate of the Mott transition
density is given by n,, ~ a;Q where ap is the 2D
Bohr radius of the exciton.? Beyond the Mott
transition, the photoexcited species cannot be
described as excitons, but form an electron-hole
plasma. In a previous study, we estimate ag to
1.5 nm®® which gives n,, ~ 3.5 x 103 cm=2.
Hence, in the highest excitation range, we are
in an intermediate density regime where exci-
tons are still good quasi-particles, but where
many-body effects may be important. Among
these effects, the formation of biexcitons has
been reported in n=1 RPPs®> 5% with binding
energy varying between 40 and 60 meV and
may cause a shorter lifetime of excitonic emis-
sion. We have observed no additional line which
would correspond to biexciton formation in the
PL spectra or in transient absorption, even at a
high density of 10!3 ¢cm=2.46 This might be con-
sistent with the fact that biexciton lasing was
only observed at low temperature.®

Hence, we assigned the faster recombination
rate and the QY decrease to Exciton-Exciton
Annihilation (EEA). At high fluence, the kinet-
ics equation can be written as :

dn, Ng 9
= —— — 1

where n, is the exciton density, 7 is the exci-




ton recombination 1ifetime in absence of EEA,
defined as - = =+ =~ L with 7,,, and 7, the non-
radiative and radlatlve lifetime respectively. ~
is the EEA rate constant. We assume here that
the annihilation rate is time-independent. The
resolution of equation 1 yields to :

nx(o) eXp(_t/T)
14 ~y7n,(0)(1 — exp(—t/7))

Due to the effect of traps saturation, 7 could
not be fixed from low fluence measurements and
is introduced as a fitting parameter. The re-
combination model applied on the PL decays
at the highest fluence leads to an excellent re-
sult (Figure 5a), with coefficient of determina-
tion R? = 0.999 on more than three orders of
magnitude on the PL intensity. We obtain an
exciton lifetime of 7 = (28 4+ 7) ns and an an-
nihilation rate of 3.35 x 10™* ¢m? s 1.

ng(t) =
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Figure 5: a) PL decays at high excitation power

and recombination model according to equation
1 (red lines) for a) n=1 b) n=2 ¢) n=3 d) and
n=4 RPPs crystals

The PL dynamics at high excitation power
has also been fitted with equation 1 for n=2, 3
and 4, leading again to an excellent agreement
with the recombination model (Figure 5b, ¢ and
d). Fit parameters for the different crystals are
resumed in Table 1. For n>1, the PL lifetime
decreases from a lower injection density of ap-
proximately 10'' cm™2 (Figure S5) in compari-

son to n=1. The QY reaches a plateau and for
n=2 and 3 starts to decrease. We interpret the
general evolution of the QY as the competition
between the effect of NRCs saturation, reached
at lower carrier injection as n increases, and the
occurence of EEA.

A description of the recombination dynamics
in term of excitonic recombination gives a very
good agreement with the measurements. We
note however that for n=4 crystals, the mass
action law indicates, at the lower power excita-
tion used in this study, a non-negligible fraction
of free carriers of approximately 10 % (Figure
S7). At even lower power excitations, compati-
ble with sun irradiation, free carriers may play
a significant role in the photophysics of RPPs,
especially for n—4 crystals.'"?%2* Hence, our re-
sults are not incompatible with the performance
of n > 4 RPPs in photovoltaic applications,
which implies an efficient charge separation. %6

Table 1: list of fit parameters from equa-
tion 1 for n=1, 2, 3 and 4 (see Figure 5)

7 (ns) v (em? s71)
n=1 28+7  (3.35 £0.15) x 1074
n=2 35+4+4  (1.10 +£0.35) x 1074
n=3 6.7+ 0.8 (4.90 £ 0.12) x 10~*
n=4 80+ 10 (2.50 & 0.50) x 10~*

The exciton lifetime increases with the n
value, with the exception of n=3 crystals. An
increase of the radiative lifetime is expected
due to the fact that, in a quantum well, the
excitonic lifetime is inversely proportional to
E,;.%? However, as discussed previously, we have
identified in this study different defect-assisted
non-radiative recombination channels. Regard-
ing n=3 RPPs, pure phase crystals could not
be obtained with the anti-solvant method (see
experimental section in SI), and instead have
been synthesized with the slow cooling method.
The latter seems to induce a higher density of
defects and in consequence a shorter lifetime.
For the other crystals, we observe long exciton
lifetimes spanning on several tens of nanosec-
onds. Long exciton lifetimes at room tempera-
ture have also been observed in transition metal
dichalcogenide (TMD) monolayers despite large
excitonc binding energies of several hundred of



meV.% Effective lifetime as long as 10 ns has
been measured for example in MoS; monolay-
ers at room temperature.® A radiative lifetime
of 100 ns has been estimated in WSe,. 5

We have identified two excitation-dependent,
non-radiative recombination channels. Defect-
assisted recombination is efficient at low ex-
citation power, while EEA becomes dominant
at high fluence. Regarding EEA, the anni-
hilation rates do not present strong variation
as the number of layers increases. For n>1,
the onset of EEA is detected at a lower den-
sity (=~ 10" ¢m™2) than for n=1, because of
a lower density of defects. For n=1, defect-
assisted recombination is still present at high
fluence. Hence, EEA is measured at excitation
power P> 400 pJ.cm™2 for which the annihila-
tion effective lifetime (yn,)~' becomes inferior
to 400 ps and compete efficiently with defect-
assisted recombination lifetime. 1In the ab-
sence of defects, the onset of EEA would likely
be detected at lower carrier density for n=1.
Similar competition between EEA and defect-
assisted recombination has been observed in
other 2D materials.3%% In TMD monolayers,
annihilation rates has been reported to be
0.04 cm? s7! in MoS,, 0.33 cm? s™! in MoSe,
and 0.41 cm? s7! in WS,.3234 A lower annihila-
tion rate of 5.1073 ¢cm? s™! has been reported in
black phosphorus.?® The annihilation rate de-
pends on the diffusion constant and on the typ-
ical distance between excitons at which EEA
occurs. The high annihilation rates reported
for TMDs are due to an important exciton mo-
bility, with an exciton diffusion constant of ap-
proximately 10 cm? s71.%7 In pure phase RPPs,
further studies are needed as the exciton diffu-
sion constant is still unknown.

Importantly, Amplified Spontaneous Emis-
sion (ASE) or lasing is not observed in this
study, whereas lasing has been reported in a
recent study by Raghavan et al. in pure phase
BA based RP crystals, with a threshold of ap-
proximately 3 pJ.cm™2 under similar conditions
to the one used in the present study.!® Annihi-
lation rates have not yet been reported in BA-
RPPs. We note that, according to our obser-
vations, a power excitation of 3 pJ.cm™2 corre-
sponds approximately to the onset of EEA in

PEA based RPPs. The larger excitonic bind-
ing energy of BA based RPPs? may promote a
faster excitonic recombination competing effi-
ciently with non-radiative recombination chan-
nels. It highlights the role of the organic cation
and the importance of dielectric confinement.
Additionally, the bulkier PEA cation may also
induce more disorder and strain inside the ma-
terial leading to superior non-radiative losses.

The nature of defects in RPPs is not well
known. Wu et al. have suggested an intrinsic
origin of trap states caused by electron-phonon
coupling at the surfaces/interfaces, with the
formation of self-trapped excitons/carriers.®
However, here, we highlight a saturation effect
more compatible with the formation of chemi-
cal defects. Two recent theoretical studies have
concluded that in 2D halide perovskites (n=1)
defects induce only shallow states and not deep
gap states. %899 Despite the predicted defect tol-
erance, our observations show the presence of
a large density of defects, especially for per-
ovskite monolayers, filled only at high excita-
tion power. The results suggest that the pas-
sivation of traps are necessary to optimize the
optoelectronics properties of RPPs.

In conclusion, we have studied the recombi-
nation dynamics of low dimensional
(PEA)3(CH3NH3), (Pbyls,.y (n=1, 2, 3 and 4)
crystals at room temperature in a large range of
excitation powers. The non-resonant photoex-
citation creates unbound electron-hole pairs
which relaxes rapidly to form excitons. For
n>1, we observe an increasing fraction of out-
of-equilibrium free carriers just after excitation,
within our resolution of approximately 100 ps.
The recombination mechanism is excitonic and
the PL dynamics is highly dependent of the flu-
ence for all the crystals due the effect of de-
fects saturation and EEA. Non-radiative recom-
bination centers causing a fast sub-nanosecond
decay have been identified, with a decreasing
density as n increases. We have observed long
excitonic effective lifetime ranging from 30 to
80 ns. At high fluence, defects are being pro-
gressively filled and the dynamics is dominated
by EEA. Annihilation rates are of the order of
107* cm? s7! and depend weakly of the num-
ber of perovskite layers. ASE or lasing are not



observed which we attribute to the presence of
defects and disorder in the material, leading to
non-radiative losses. These results have ma-
jor implications for the optimization of optolec-
tronics devices and in particular light-emitting
devices.
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