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Abstract: Hot carrier solar cells (HCSC) have attracted extensive attention due to the efficient utilization
of high-energy photons. Two-dimensional (2D) perovskites is one of the materials suitable as HCSC due
to the hot phonon bottleneck effect as well as the quantum well structure. Providing methods to regulate
the hot carrier cooling rate of 2D perovskites is crucial for further technological development. In this
study, we systematically investigate the role of organic molecules in regulating hot carrier relaxation in
2D n = 1 perovskites through time-resolved spectroscopic measurements. The results of transient
absorption and time-resolved photoluminescence reveal that hot carrier relaxation in 2D perovskites
takes place on sub-picosecond time scales and can be effectively modulated by component engineering
of organic molecules. These insightful results contribute to deep understanding of the hot carrier
relaxation process of 2D perovskites and provide valuable information for the future development of
higher performance perovskite solar cells.
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1. Introduction

Over the past decade or so, three-dimensional (3D) organic-inorganic hybrid per-ovskites have been
extensively studied for their interesting and practical physical phe-nomena, such as band gap tenability,[*-2
long carrier diffusion length®*! and low trap state density.[®! The power conversion efficiency (PCE) of
3D perovskite solar cells has witnessed a remarkable increase, which is close to the SQ limit of single-
junction cells.”81 However, the poor stability of 3D perovskites against oxygen and moisture greatly
limits their commercial application. In contrast, two-dimensional (2D) layered perovskites, which
incorporate organic molecules among inorganic layer, have superior stability.[>*! Organic molecules act
as a protective layer, increasing the activation en-ergy for ion migration and thus preventing the inorganic
layer from being exposed to moisture and oxygen.*>“l However, the incorporation of organic layer with
insulating properties results in a larger bandgap and poorer carrier transport characteristics, lead-ing to a
lower PCE in comparison to 3D perovskite solar cells.[529]

In order to overcome the limitations of SQ theory and further improve the PCE of solar cells, the
concept of hot carrier solar cells (HCSC) has been proposed.l!T When high-energy photons excite
semiconductors, hot carrier with excess energy are generated. Subsequently, hot electrons rapidly release
the excess heat and relax to the bottom of the conduction band. The central theory of HCSC is to extract
the excess energy from the hot carriers before the heat lost occurs, reducing the energy loss and thus
enabling efficient utilization of short-wavelength solar radiation.[*8-221 However, the hot carrier relaxa-
tion process usually occurs in ultrafast time scales, making the extraction of energy very difficult. Due
to the hot phonon bottleneck effect and the unique quantum well structure, 2D perovskites have a slower
hot carrier cooling rate compared to other semiconductors, making them one of the suitable materials for
HCSC.[2-281 Slow hot carrier relaxation is the crucial key to HCSC, and providing methods to regulate
the hot carrier cooling rate of 2D perovskites is essential for further technological development of HCSC.
It has been reported that the hot carrier cooling rate of 3D perovskites can be efficiently regulated by
component engineering (cations or halogen atoms),[?”?%1 put there are fewer reports on the role of
different organic molecules in regulating the hot carrier relaxation dynamics of 2D perovskites.

In this study, we comprehensive investigated the role of four widely used organic molecules (n-
butylammonium (BA), phenethylammonium (PEA), 2-thiophenethylammonium (TEA), 2-
thiophenemethylammonium (TMA)) in regulation the hot carrier relaxation process in 2D n = 1
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perovskites via time-resolved spectroscopic techniques. Transient absorption (TA) and time-resolved
photoluminescence (TRPL) experiments at the same excitation wavelengths demonstrate that hot carrier
cooling occurs on a sub-picosecond time scales, with the order of the relaxation time generally following
(PEA)2Pbls> (TEA),PDI, > (BA)Pbls > (TMA),Pbls. Our work reveals that hot carrier relaxation in 2D
perovskites can be efficiently regulated through organic molecular component engineering, which
provides important information for the further development of HCSC.

2. Results and discussion
2.1. Sample preparation and Steady state characterizations

We fabricated 2D perovskites using one-step spin-coating procedure described in Figure 1. The
steady-state absorption spectra of the four samples are shown in Figure 2a, with the absorption peak
around 520 nm corresponds to 2D n=1 perovskites. [1% In order to minimize the influence of film
thickness inconsistencies, we attempted to keep the absorption intensity of the four 2D perovskites as
consistent as possible. Compared with (TMA).Pbls, the absorption peak of (TEA).Pbls exhibited a
gradual red shift. Figure 2b shows the steady-state photoluminescence (PL) spectra of the four samples,
with the peak around 530 nm corresponding to the PL features of the 2D n=1 perovskite and no other
peak observed. P! The PL signature of (TEA),Pbl, exhibited a slight red shift compared to (TMA),Pbla,
which is consistent with the absorption spectra. Under the same absorption intensity and experimental
conditions, we observed that the PL intensity of 2D perovskites was in the order of (PEA),Pbls >
(TEA),Pbl, > (TMA).Pbls > (BA).Pbl4, with the PL intensity of (PEA).Pbl, is approximately one order
of magnitude larger that (BA)2Pbl,.

2D perovskite
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Figure 1: Schematic illustration of the 2D perovskite films fabrication process.
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Figure 2: (a) Steady-state absorption spectra of 2D n=1 perovskites. (b) Steady-state PL spectra of 2D
n=1 perovskites under excitation at 400 nm.

2.2. Transient absorption (TA) spectra

Transient absorption (TA) measurements were carried out on the four different 2D perovskites.
Initially, a pump wavelength of 530 nm was utilized to near-resonant excite 2D perovskites. Under this
excitation wavelength, the carrier will be excited to band edge of conduction without generation of hot
carrier. The obtained TA spectra are presented at Figure 3 and showed similar features. All spectra exhibit
a negative ground state bleaching (GSB) band at ~520 nm and a positive broad photoinduced absorption
(PIA) band at ~500 nm. The positions of the GSB correspond to the steady-state absorption of 2D
perovskites (Figure 2a).
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Figure 3: TA spectra under excitation at 530 nm of (a) (BA)2Pbls, (b) (PEA).Pbl., (c) (TEA).Pbl, and
(d) (TMA).Pbl, at different delay times.

To reveal the hot carrier relaxation dynamics of 2D perovskites, we performed TA measurements at
pump wavelength of 400 nm. The excitation energy of 400 nm is considerably higher than bandgap of
2D perovskites (Figure 2a), which could result in hot carrier relaxation. Due to the fast time scale of hot
carrier cooling to the band edge, we set equally spaced delay steps within the first 5 picosecond (ps) and
logarithmic steps from 5 to 6500 ps to focus on the early TA spectra. The obtained TA spectra are depicted
at Figure 4. All spectra exhibit a GSB band at ~520 nm and PIA bands at ~500 nm and ~530 nm.
Compared to the TA spectra of 2D perovskites under 530 nm excitation (Figure 3), additional PIA band
at ~530 nm appears which is due to hot carriers cooling from the high-energy state. By fitting the PIA
signal at ~530 nm with exponentials, the ultrafast process corresponds to the detailed information of hot
carrier relaxation. The normalized kinetic curves based on the exponential fit are presented in Figure 5,
and the detailed fitting parameters are given in Table 1. The extracted relaxation times of hot carriers
under 400 nm excitation are 0.33 +0.02 ps (BA), 0.39 £0.02 ps (PEA), 0.34 £0.01 ps (TEA), and 0.29
+0.03 ps (TMA), respectively. It is clear that the cooling time of hot electrons among the four samples
follows the order of (PEA),Pbls > (TEA).Pbl, > (BA).Pbly > (TMA):Pbls. In addition, the sub-
picosecond time scales for hot carrier cooling of 2D perovskites is consistent with previous reports in the
literature. [30.31
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Figure 4: TA spectra under excitation at 400 nm of (a) (BA).Pbla, (b) (PEA),Pbl., (c) (TEA),Pbl, and
(d) (TMA),Pbl, at different delay times.
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Figure 5: Normalized transient kinetics of 2D perovskites at A, =530 nm.

Table 1: TA kinetics fitting parameters based on exponential model under excitation at 400 nm.

Sample Aprobe (NM) T4, PS A Ty, PS A
(BA)2Pbl4 533 0.33#0.02 92% 2.34.6 8%
(PEA)2PbI4 533 0.3940.02 92.6% 4+ 7.4%
(TEA)2PDI4 536 0.3420.01 100% - -
(TMA).Pbl, 543 0.2940.03 100% - -

2.3. Time-resolved photoluminescence (TRPL)

To further verify the modulation of hot carrier relaxation by organic molecules, we measured the PL
kinetics by time-resolved photoluminescence (TRPL) under 400 nm excitation. The detailed fitting
parameters based on exponential fitting are shown in Table 2. Figure 6 shows the PL kinetic curves of
the four samples at different time windows. There is an ultrafast rise process on sub-picosecond time
scales in short time windows with rise times of 0.28 +0.07 ps (BA), 0.44 +0.05 ps (PEA), 0.43 %0.05
ps (TEA), and 0.24 +0.07 ps (TMA), respectively. As mentioned before, hot carrier relaxation releases
excess energy, which leads to an enhancement of the PL intensity. This is accompanied by a
corresponding rise process in the TRPL dynamics. 832 Therefore, we attribute the ultrafast process in
TRPL to hot carrier cooling, and the order of the relaxation time is (PEA),Pbl, > (TEA),Pbl.> (BA),Pbl,>
(TMA),Pbl., which is consistent with the results obtained from TA experiments at the same excitation
wavelength.
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Figure 6: Time-resolved PL of 2D perovskites under excitation at 400 nm within 5 ps and 100 ps time
windows.

Table 2: Fitting parameters for TRPL traces of 2D perovskite under excitation at 400 nm.

Sample Aprobe to, ps Ao ty, ps Aq ta, PS A;
(nm) (rise)
(BA)2Pbl4 529 0.2840.07 -98% 1.620.3 71.1% | 4248 | 28.9%
(PEA)2PbI4 531 0.4420.05 | -100% 21404 49.4% | 59+ | 50.6%
(TEA)2PbI4 537 0.43#0.05 | -100% 34.5 65.6% | 3936 | 34.4%
(TMA),Pbl4 536 0.2420.07 | -100% 1.340.3 78.9% 1546 | 21.1%
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3. Conclusions

In summary, we present a comprehensive investigation into the hot carrier relaxation dynamics in
four different 2D layered n=1 perovskites via performing various time-resolved spectroscopic
measurements. Transient absorption and time-resolved photoluminescence exhibit that the hot carrier
relaxation of 2D perovskites proceeds on sub-picosecond time scales. Additionally, it can be efficiently
regulated by component engineering of organic molecules, with the order following (PEA).Pbl, >
(TEA),Pbl, > (BA).Pbls > (TMA),Pbl,4. Our study highlights the critical role of organic molecules in
regulating hot carrier relaxation, which can contribute to further improvements in the device performance
of 2D perovskite-based solar cells.
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