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Reconfiguring band-edge states and charge 
distribution of organic semiconductor–incorporated 2D 
perovskites via pressure gating
Songhao Guo1, Yahui Li2, Yuhong Mao1, Weijian Tao3, Kejun Bu1, Tonghuan Fu1, Chang Zhao3, 
Hui Luo1, Qingyang Hu1, Haiming Zhu3, Enzheng Shi2, Wenge Yang1, Letian Dou4*, Xujie Lü1*

Two-dimensional (2D) semiconductor heterostructures are key building blocks for many electronic and optoelectronic 
devices. Reconfiguring the band-edge states and modulating their interplay with charge carriers at the interface 
in a continuous manner have long been sought yet are challenging. Here, using organic semiconductor–incorporated 
2D halide perovskites as the model system, we realize the manipulation of band-edge states and charge distribu-
tion via mechanical—rather than chemical or thermal—regulation. Compression induces band-alignment switch-
ing and charge redistribution due to the different pressure responses of organic and inorganic building blocks, 
giving controllable emission properties of 2D perovskites. We propose and demonstrate a “pressure gating” strat-
egy that enables the control of multiple emission states within a single material. We also reveal that band-alignment 
transition at the organic-inorganic interface is intrinsically not well resolved at room temperature owing to the 
thermally activated transfer and shuffling of band-edge carriers. This work provides important fundamental in-
sights into the energetics and carrier dynamics of hybrid semiconductor heterostructures.

INTRODUCTION
Two-dimensional (2D) hybrid semiconductor heterostructures (HSHs) 
allow the properties to be designed at the molecular level by tailoring 
both the organic and inorganic components and by regulating their 
interfacial interactions (1–6). Manipulating the band-edge states 
and the consequent band alignments at the hybrid interfaces of HSHs 
yields key insights into the processes of photon-carrier conversion 
and charge distribution, which are central to modern technologies 
including (opto)electronics, data processing, and quantum devices 
(7–10). Carrier behavior at the interfaces of typical type I and type 
II aligned 2D heterostructures has revealed that the excited carriers 
would localize in a single component and separate at the interface, 
respectively (11–13). However, to the best of our knowledge, no 
research has elucidated the critical states between different band 
alignments and the corresponding carrier dynamics at the interfaces 
of HSHs. Besides, the reconfiguration process of the interfacial band 
states and its effects on optoelectronic properties remain unclear. 
Addressing these important questions requires suitable material sys-
tems in combination with advanced regulation and diagnostic tools 
that could enable the fine-tuning of electronic band structures and 
in situ characterization of the properties’ evolution.

An appropriate hybrid heterostructure should have designable 
band-edge states and controllable interfacial interactions at atomic 
precision. Recently, 2D hybrid halide perovskites with conjugated 
organic cations have been developed, where the electronic states of 
the organic ligands extend to the band edges and could form differ-
ent band alignments with the inorganic perovskite layers (14–16). 
The electronic and optical properties are therefore determined by both 
the organic and inorganic building blocks (ligand and perovskite, 

thereafter) and their interactions. These unique structures provide 
excellent opportunities for manipulating the band-edge states and 
charge distribution at the ligand-perovskite hybrid interfaces. The 
other challenge is the difficulty in continuously tuning the electronic 
band states while coupled with in situ property characterizations. 
Chemical methods including ion doping and molecular engineering 
have shown their capability in preparing hybrid heterostructures 
with designed interfaces (17–19), whereas a new sample needs to be 
synthesized for each band state, and the energy level cannot be con-
tinuously and precisely controlled (usually with the energy step over 
0.1 eV) (15, 16, 20, 21). As a thermodynamic parameter, pressure can 
effectively modify the lattice and electronic structures to realize di-
verse states in a single material (22–28). Thus, applying high pressure 
on these HSHs enables the tuning of their interfacial electronic struc-
tures and the band alignment in a controlled manner, where the 
building blocks of HSHs have different responses to pressure (29–33).

Here, by applying hydrostatic pressure to modulate the perovskite- 
ligand interactions, the band-edge states and charge distribution of 
various organic semiconductor–incorporated 2D halide perovskites 
are controllably manipulated toward designable optoelectronic proper-
ties. We have reached the critical states between different band align-
ments and achieved the desired band-alignment configurations that 
are previously unattainable. By using in situ high-pressure charac-
terizations and first-principles calculations, we reveal the effects of 
band-alignment reconfiguration on their carrier dynamics and op-
toelectronic properties and unravel the underlying mechanisms of 
pressure gating. Our combined pressure and temperature regulation 
permits a clear picture for investigating the interfacial carrier dynamics. 
The charge distribution in frontier orbitals of organic ligands and 
perovskite layers is elucidated by a two-level thermal equilibrium 
model, which allows us to determine the energy level difference pre-
cisely by fitting the temperature-dependent photoluminescence (PL) 
spectra. This work offers new insights into the fundamental under-
standing of band-alignment engineering and provides innovative 
opportunities for the design of novel 2D hybrid heterostructures 
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with diversified optoelectronic properties that can be achieved by 
manipulating the electronic edge states and their interactions.

RESULTS AND DISCUSSION
2D hybrid halide perovskites are built by alternatively arranged 
perovskite layers and organic ligands, where the electronic structures 
and, consequently, optical properties are determined by the inter-
action of these two components. To date, by extending the conjuga-
tion and reducing the electronic gap of organic ligands, three types 
of band alignment have been achieved, that is, type I with a band edge 
of conduction band minimum (CBM)–valence band maximum 
(VBM) from the perovskite layer, reverse type I with a band edge of 
lowest unoccupied molecular orbital (LUMO)–highest occupied 
molecular orbital (HOMO) from the organic ligand, and type II 
with a band edge of CBM-HOMO or LUMO-VBM (16). Figure 1 
illustrates the three types of band alignment in three typical 2D 
halide perovskites as well as the corresponding structures and opto-
electronic properties. The chemical structures of the four ligands 
mentioned in this study are exhibited in fig. S1, and the crystallo-
graphic information of the four 2D perovskites is listed in table S1.

In (2T)2PbI4 (2T+ = bithiophenylethylammonium) with type I 
band alignment where the band-edge states are the CBM and VBM 
of [PbI6]4− inorganic layers (Fig. 1A), excitons are strongly bounded 
in the perovskite layers, generating a strong and narrow excitonic 
emission with a peak at 525 nm and full width at half maximum of 
16 nm. By reducing the bandgap of organic ligands, the electronic 

states of organic ligands can directly contribute to the frontier orbitals 
of 2D perovskites. (4Tm)2PbI4 (4Tm+ = quaterthiophenylethyl-
ammonium) has type II band alignment (Fig. 1B), where the band-
edge states are the CBM of [PbI6]4− inorganic layers and the HOMO 
of the organic ligands. In such a configuration, the excitonic emission 
is quenched, suggesting efficient charge separation at the perovskite/
ligand interface. As the bandgap of organic ligands further reduces, a 
reverse type I band alignment can be realized, where the band-edge 
states are dominated by the HOMO and LUMO of organic ligands 
(Fig. 1C). The 2D halide perovskite (BTm)2PbI4 [BTm+ = 2-(4′- methyl-  
5′-(7-(3-methylthiophen-2-yl)benzo[c][1,2,5]thiadiazol-4-yl)-[2,2′-  
bithiophen]- 5-yl)ethan-1-aminium] with reverse type I band alignment 
exhibits a red emission at ~660 nm from the BTm+ ligands, whereas 
no PL from the inorganic layer is detected. Note that although the 
electronic states of [PbI6]4− inorganic layers are similar for these three 
2D perovskites, they exhibit remarkably different emission properties 
due to varied band-edge states and the different band alignments.

Here, we leave another question: What will happen when the energy 
levels of organic ligands and perovskite layers are very close? To 
address this important question, we introduce a conjugated 3T+ 
ligand [3T+ = 2-([2,2′:5′,2″-terthiophen]-5-yl)ethan-1-aminium] to 
form a 2D perovskite (3T)2PbI4 (Fig. 2A) with an appropriate band 
structure. The energy levels of HOMO and VBM of (3T)2PbI4 
are close (Fig. 2B), which makes the determination of the exact 
band alignment difficult by using ultraviolet (UV) photoelectron 
spectroscopy or cyclic voltammetry. We noticed that (3T)2PbI4 shows a 
similar but much weaker excitonic emission in comparison with 

Fig. 1. The structure and excitonic behavior in various 2D hybrid halide perovskites. (A to C) Three types of band alignment of type I (CBM-VBM edged), type II, and 
reverse type I (LUMO-HOMO edged) are shown. Top: The energy level alignments of organic (red lines) and inorganic (blue lines) subunits, the exciton formation, charge 
separation, and emission processes. Middle: The crystal structures and the charge distributions. Bottom: The corresponding PL spectra of the 2D perovskites with different 
conjugated organic ligands (A) (2T)2PbI4, (B) (4Tm)2PbI4, and (C) (BTm)2PbI4. The blue and red PL spectra in the bottom are ascribed to the excitonic emission from 
perovskite layers and organic ligands, respectively, where the PL spectrum of (2T)2PbI4 is shown in blue dashed lines in (B) and (C) for reference.
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(2T)2PbI4 with type I alignment (Fig. 2C). Intriguingly, the PL in-
tensity of (3T)2PbI4 increases considerably upon cooling, which is 
different from the behavior of (2T)2PbI4 (fig. S2). To describe the charge 
distribution at HOMO and VBM of (3T)2PbI4, we introduce a two- level 
thermal equilibrium model, which follows the Boltzmann distribution

   N  HOMO   =  N  VBM   ×  e   − ∆E _ kT     (1)

where N is charge density, k is the Boltzmann constant, and E rep-
resents the energy level difference (i.e., EVBM − EHOMO). As is well 
known, the excitonic emission intensity is proportional to the charge 
density when the charge density is relatively low. According to this, 
we fit the temperature-dependent PL intensity of (3T)2PbI4 accord-
ing to an Arrhenius equation

  I(T) =    I  0   ─ 
1 + A e    (  − ∆E _ kT   )   

    (2)

where I0 is the integrated PL intensity extrapolated at 0 K, and A is 
a constant. As shown in Fig. 2D, the energy level difference E be-
tween VBM and HOMO in (3T)2PbI4 is determined to be 52 meV, 
indicating its type I nature of band alignment. Note that the E value 
is comparable to the room temperature thermal energy (26 meV), 
which allows the photoexcited carriers to be thermally activated and 
separated at the perovskite/ligand interface, thus resulting in the 
weak excitonic emission at room temperature. The excitons can be 
stabilized at the band-edge states of inorganic perovskite layers at 
lower temperatures that bring enhanced excitonic emission.

Thanks to the different pressure responses of the building blocks 
in the 2D halide perovskites, the interaction between perovskite layers 

and organic ligands can be regulated. We subsequently applied 
hydrostatic pressure to manipulate the band-edge states of (3T)2PbI4 
toward controlled optoelectronic properties (Fig. 2E and fig. S3), 
where a sharp increase in PL intensity by ~15 times can be observed 
during compression. Such an enhanced PL intensity of (3T)2PbI4 at 
2.1 GPa is comparable to that of typical type I aligned (2T)2PbI4 at 
ambient pressure, confirming the modulated electronic structure. To 
further reveal the energy level evolution of (3T)2PbI4 under high pres-
sures, in situ low-temperature PL measurements are conducted (fig. S4). 
As exhibited in Fig. 2F, the fitted energy level difference E gradu-
ally increases from 52 meV under ambient conditions to 167 meV 
at 1.8 GPa, which impels more photogenerated carriers to stay in 
the perovskite layers (VBM states), thus giving rise to the enhanced 
excitonic emission upon compression. Note that the underlying mech-
anism for the enhanced PL of (3T)2PbI4, that is, pressure- regulated 
band-edge states and charge carrier redistribution, is distinguished 
from the previously reported ones. Previous studies have demonstrated 
the pressure effects on PL enhancement of 2D perovskites by sup-
pressing exciton trapping, optimizing exciton-phonon coupling, and 
regulating off-centering distortion (25, 32–35).

Using the thermal equilibrium model and pressure regulation, the 
band-edge states of (3T)2PbI4 have been determined and continuously 
manipulated. In the following section, we will demonstrate that elec-
tronic structure engineering by pressure not only could manipulate 
the band-edge states and charge distribution of 2D halide perovskites 
but also is capable to induce band-alignment reconfiguration. For 
instance, we performed in situ high-pressure PL measurements at 
different temperatures for (4Tm)2PbI4 to explore the electronic 
structure evolution of 2D perovskites with initial type II band alignment 
(Fig. 3). With such an electronic configuration, no emission can be 

Fig. 2. Pressure-regulated band-edge states and charge distribution in 2D perovskite (3T)2PbI4. (A) The crystal structure. (B) Band alignment of organic ligands (red 
lines) and perovskite layers (blue lines). E represents the energy level difference between VBM and HOMO. (C) PL spectra of (3T)2PbI4 compared with typical type I (2T)2PbI4 
under ambient conditions. (D) The PL intensity as a function of temperature at ambient pressure. (E) In situ PL spectra upon compression. (F) The energy level difference 
E as a function of pressure.



Guo et al., Sci. Adv. 8, eadd1984 (2022)     2 November 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

4 of 9

detected in (4Tm)2PbI4 at ambient pressure due to the efficient 
charge transfer from VBM to HOMO at the perovskite/ligand inter-
face (Fig. 1B).

With pressure increasing, an excitonic emission peak emerged at 
~3.7 GPa, as shown in Fig. 3A (color plot) and in fig. S5 (line plot). 
Such an emergent excitonic emission indicates the suppression of 
charge separation at the perovskite/ligand interface and the forma-
tion of stable excitons in the perovskite layers. Compression effectively 
manipulates the energy levels of both organic ligands and perovskite 
layers, and the different pressure responses of organic and inorgan-
ic parts would give rise to the band-alignment reconfiguration from 
type II at ambient pressure to type I at pressures beyond 3.7 GPa. 
Figure 3B shows the PL intensity of (4Tm)2PbI4 at 78 K as a func-
tion of pressure, which markedly increases at around 4 GPa and 
remains constant hereafter. As discussed above, thermal activation 
allows the photoexcited charges to occupy the high-energy levels, 
which could be more obvious at higher temperatures. We subsequently 
recorded the high-pressure PL spectra of (4Tm)2PbI4 at 300 K, shown 
as the color plot in Fig. 3C and line plot in fig. S6. The excitonic 
emission emerges at a lower pressure of 2 GPa at 300 K where the 
sample is still in type II band alignment, and no emission can be 
detected at 78 K. Figure 3D exhibits the PL intensity of (4Tm)2PbI4 
at 300 K as a function of pressure, which gradually increases from 2 
to 6 GPa. As illustrated in fig. S7, the type II band alignment of 2D 
halide perovskite switches to type I upon compression, which induces 

the excitonic emission; then, the energy difference E between HOMO 
and VBM gradually enlarges with further pressurization, which allows 
more excitons to be stabilized in the perovskite layers, resulting in 
the exponentially enhanced emission. Note that the transition from 
type II to type I band alignment at room temperature is much worse 
resolved as compared with that at 78 K. This is again because the 
kinetic energy of charge carriers at room temperature is high enough 
to allow holes transferring and shuffling between two band-edge states 
across the organic-inorganic interface of hybrid heterostructures.

We further carried out femtosecond transient absorption (TA) 
spectroscopy to characterize the charge transfer and recombination 
processes at the organic-inorganic interface of (4Tm)2PbI4. As 
shown in Fig. 4A and fig. S8, the positive and negative features near 
the exciton transition energy can be assigned to the bleach of exci-
tonic absorption and photon-induced absorption, respectively. The 
dynamics are fitted with a biexponential decay function, with a lifetime 
of ∼9 and ∼53 ps, while derivative spectral features emerge after 
100 ps with a lifetime longer than 1 ns (limited by the time window 
of the measurements). Such long-lived spectral features come from 
the formation of a charge separation state at the ligand-perovskite 
hybrid interface. Upon compression, the long-lived spectral features 
gradually weaken, as shown in Fig.  4B and fig. S8, indicating the 
suppression of charge separation. We calculated the ratio of bleach 
peak maxima of the charge-separated state to the exciton state, 
which gradually decreases from 0.092 at 0.2 GPa to 0.034 at 5.3 GPa 

Fig. 3. Band-alignment reconfiguration and emission property evolution in 2D perovskite (4Tm)2PbI4 under high pressure. Pressure-dependent PL spectra at 
(A) 78 K and (C) 300 K. The PL intensity as a function of pressure at (B) 78 K and (D) 300 K. The band-alignment transition is intrinsically not well resolved at 300 K owing to 
the thermally activated transfer and shuffling of band-edge carriers, while the transition can be better defined at lower temperature.
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(fig. S9). The suppression of charge separation further confirms the 
pressure-induced stabilization of excitons in the perovskite layers due 
to the band-alignment switching from type II to type I (Fig. 3).

To quantitatively determine the variations of electronic gaps of 
organic ligands and perovskite layers in (4Tm)2PbI4, in situ static 
UV-Vis absorption spectroscopies were performed at high pressures 
(Fig. 4C). Under ambient conditions, an excitonic absorption peak 
at 525 nm and a continuum absorption band below 490 nm are ob-
served in (4Tm)2PbI4, which correspond to the transitions in per-
ovskite layers and organic ligands, respectively. Intriguingly, the red 
shift of excitonic peak upon compression is much faster than that 
of the continuum absorption band. As shown in Fig. 4D, the value 
of pressure-induced bandgap variation for CBM-VBM of perovskite 
layers is fitted to be 123 meV/GPa, which is ~3.5 times larger than 
the electronic gap variation value for HOMO-LUMO of the organic 
ligands (36 meV/GPa), suggesting a less compressible nature of the 
conjugated organic ligands. Such a considerable difference in the 
compressibility for perovskite layers and organic ligands enables 
the reconfiguration of the frontier electronic states and thus triggers 
the band-alignment switching from type II at ambient pressures to 
type I at high pressures.

First-principles calculations for the electronic structures of (4Tm)2PbI4 
at different pressures further verify the variations of band alignment 
(Fig. 4E and fig. S10). From the partial density of state of (4Tm)2PbI4 
under ambient conditions, an obvious type II band alignment be-
tween the organic ligands and perovskite layers is observed, in line 
with the recently reported theoretical results (36). Upon compression, 
the electronic bandgap of perovskite layers (VBM-CBM) decreases 
more rapidly than that of the organic ligands (HOMO-LUMO), as 
shown in fig. S11, which is consistent with the bandgap evolution 

derived from in situ absorption measurements (Fig. 4D). Focusing 
on the movement of electronic bands, the valence band of the per-
ovskite layers moves upward faster than that of the conjugated 
organic ligands with increasing pressure, resulting in the position swap 
of VBM and HOMO at the band edge (Fig. 4E). This behavior gives 
rise to the reconfiguration of the band alignment in the 2D hybrid 
halide perovskite, which agrees well with the experimental results.

In the case of (4Tm)2PbI4 with initial type II band alignment 
(Fig. 1B), the emission state from off to on has been controlled by 
reconfiguring the band alignment to type I (Fig. 1A). Another out-
standing question arises, whether it is possible to realize the control 
of multiple emission properties (off state and various on states) within 
one sample by manipulating the band-edge states. To address this 
question, we further performed in situ PL measurement at 78 K for 
(BTm)2PbI4, which has initial reverse type I band alignment with 
the band edge of LUMO-HOMO from the organic ligand (Fig. 1C). 
As shown in Fig. 5A and fig. S12, the broad emission from BTm+ 
ligands gradually vanishes during compression up to 2 GPa. This is 
caused by the pressure-induced reconfiguration of band alignment 
from reverse type I to type II (left and middle in Fig. 5B), since 
the electronic states of perovskite layers move faster than those of 
the conjugated organic ligands, as have been demonstrated in the 
(4Tm)2PbI4 sample (Fig. 4). Subsequently, a narrow excitonic emis-
sion peak emerged at around 3.5 GPa, owing to the further recon-
figuration of the band alignment from type II to type I (middle and 
right in Fig. 5B). As shown in Fig. 5C, the in situ absorption spectra 
of (BTm)2PbI4 under high pressures reveal the electronic gap varia-
tions of BTm+ organic ligand and [PbI6]4− perovskite layers. Under 
ambient conditions, a strong excitonic absorption peak at 520 nm 
was observed, which corresponds to the perovskite layers, while a 

Fig. 4. Carrier dynamics and the manipulated band-edge states in 2D perovskite (4Tm)2PbI4. TA spectra at (A) 0.2 GPa and (B) 4.6 GPa, where the charge separation 
state gradually weakens during compression due to the reconfiguration of band states. (C) Absorption spectra at different pressures. OD, optical density. (D) Electronic 
gap of the perovskite layers (VBM-CBM) and organic ligands (HOMO-LUMO) as a function of pressure. (E) Calculated partial density of state for the perovskite layers (blue) 
and organic ligands (red) at different pressures.
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continuum absorption band at the low-energy side of the excitonic 
peak is from the BTm+ ligand absorption. During compression, the 
excitonic absorption peak red shifts considerably, which moves faster 
than the BTm+ ligand absorption band and eventually transcends 
the latter, confirming the pressure-induced reconfiguration of the 
band alignment.

The frontier electronic structures and optoelectronic properties 
of 2D halide perovskites with conjugated organic cations are deter-
mined by both the organic and inorganic building blocks and their 
interactions. Manipulating these interactions enables the designed 
band-edge states, band alignments, and, consequently, the controllable 
optoelectronic properties of these 2D perovskites. The additional degree 
of freedom for property tuning has attracted great interest that pro-
motes the discovery of desired functionalities by using various tuning 
strategies such as electrical gating, magnetic field, and thermal heat-
ing. In this case, by reconfiguring the band alignment of (BTm)2PbI4, 
we have demonstrated that pressure could serve as a gate to control 
the emission with one off state and two on states (narrow and broad 
emission) (Fig. 5, B and D). Such a pressure gating strategy will in-
spire future materials design and may lead to potential applications 
including modulators, optical switches, and photonic chips. For 
materials design criteria, the switching threshold pressure can be tuned 
by adjusting the VBM-HOMO and CBM-LUMO energy offset; the 
pressure sensitivity can be tuned by adjusting the inorganic crystal 
lattice rigidity and tuning the molecular structures of organic ligands; 
the color tunability can be achieved by mixing halides (Cl─Br─I 
alloying), varying the quantum well thickness (n number of the 
inorganic layer), and changing the B-site metal elements. These de-
sign criteria can be applied to other materials beyond 2D perovskites 
that have different pressure responses of their building blocks.

In summary, by continuously regulating the energy levels of the 
organic and inorganic building blocks of organic semiconductor– 

incorporated 2D halide perovskites using external pressure, we have 
demonstrated the possibility to fine-tune the band-edge states and 
the charge distribution of the 2D semiconductor heterostructures 
previously unattainable. We subsequently achieved the critical states 
between different band alignments and elucidated the related carrier 
behaviors at the interfaces of HSHs. We have successfully recon-
figured the band alignments in various 2D halide perovskites with 
different initial states, leading to redistributed band-edge carriers 
and thus the controllable optoelectronic properties. We have also 
revealed that the band alignments in these hybrid heterostructures 
are not well circumscribed owing to the thermal activation of band-
edge carriers. The charge distribution in the perovskite layers and 
organic ligands can be described by a two-level thermal equilibrium 
model, and the energy level difference can thus be accurately deter-
mined by fitting the in situ temperature-dependent PL spectra.

In the meantime, different band alignments and diverse interlayer 
interactions have been widely studied in 2D van der Waals (vdW) 
materials, including vertical heterostructures of 2D halide perovskites 
and transition metal dichalcogenides, that have exhibited attractive 
optical and optoelectronic properties (37–42). The effective tuning 
of the interlayer coupling in WSe2-MoSe2 heterostructures has re-
ported that a pressure-induced band changeover of interlayer exci-
tons was observed (43). Different behaviors of interlayer energy or 
carrier transfer have been achieved by fabricating different vertical 
heterostructures of 2D perovskites via chemical methods (40–42). 
For these 2D halide perovskites and vdW semiconductors exhibiting 
different pressure responses of the building units, pressure processing 
not only provides an effective and clean manner to modulate their 
lattices but also offers new opportunities for achieving configurable 
electronic properties with designable band-edge states and band align-
ments. We believe that the principles presented in our work could 
serve as a blueprint for the design, production, and fine-tuning of 

Fig. 5. Pressure-controlled multiple emission states of 2D perovskite (BTm)2PbI4. (A) In situ PL spectra at 78 K during compression. (B) Emission properties and the 
corresponding band alignments at different states with pressure increasing. (C) Absorption spectra at different pressures. a.u., arbitrary units. (D) Schematic illustration of 
pressure-gated multiple emission states where the emission on (both narrow and broad) or emission off can be controlled.
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many other functional semiconductor heterostructures toward the 
realization of high performance by manipulating the band-edge states 
and the interfacial charge distribution.

MATERIALS AND METHODS
Sample preparation
The crystals of (2T)2PbI4, (3T)2PbI4, and (4Tm)2PbI4 were synthe-
sized by a slow cooling method. For the (2T)2PbI4 single crystal: 
0.03 mmol 2T·HI (hydroiodic acid) (98%; Feiming Technology Co. Ltd) 
and 0.01 mmol lead iodide (PbI2; 99.999%; Xi’an Polymer Light 
Technology Corp.) were dissolved in 0.1 ml of HI (J&K Scientific), 
0.05 ml of hypophosphorous acid (H3PO2; J&K Scientific), and 2 ml 
of isopropyl alcohol (IPA, Sinopharm). After heating to 100°C, the 
solution became clear. It was then cooled slowly to room temperature 
for 12 hours. For the (3T)2PbI4 single crystal: 0.01 mmol 3T·HI (98%; 
Feiming Technology Co. Ltd) and 0.02 mmol PbI2 were dissolved in 
0.1 ml of HI, 0.05 ml of H3PO2, and 2 ml of IPA. After heating to 
100°C, the solution became clear. It was then cooled slowly to room 
temperature for 12 hours. For the (4Tm)2PbI4 single crystal: 0.02 mmol 
4Tm·HI (98%; Feiming Technology Co. Ltd) and 0.01 mmol PbI2 were 
dissolved in 0.1 ml of HI, 0.05 ml of H3PO2, and 2 ml of IPA. After 
heating to 100°C, the solution became clear. It was then cooled slowly 
to room temperature for 12 hours. Differently, the (BTm)2PbI4 bulk 
single crystal was synthesized via the antisolvent diffusion method. 
BTm·HI (0.04 mmol; 98%; Feiming Technology Co. Ltd) and 
0.02 mmol PbI2 were dissolved in 1 ml of -butyrolactone (Macklin 
Inc.). By adopting chlorobenzene (Sigma-Aldrich) and chloroform 
(Sinopharm; the volume ratio between chlorobenzene and chloro-
form is 1:1) as antisolvents, the (BTm)2PbI4 nucleated and grew up 
gradually into bulk crystals after 72 hours. After the crystal synthesis, 
the final crystals were collected by vacuum filtration, and the resi-
due solvent was further removed in a vacuum chamber.

In situ high-pressure measurements
The high-pressure environment was provided by symmetrical dia-
mond anvil cells. Type II-a ultralow-fluorescence diamonds with a 
culet size of 500 m were used. The high-pressure sample chamber 
was formed from a preindented T301 gasket with a thickness of 
about 50 m and a hole with a diameter of about 300 m by laser 
drilling the center part of it. The as-prepared single crystals were 
exfoliated into thin flakes and transferred onto the diamond culets. 
The optical images of (3T)2PbI4, (4Tm)2PbI4, and (BTm)2PbI4 thin 
flakes for in situ high-pressure experiments are shown in fig. S13. 
The incident laser beam is perpendicular to the diamond culet and 
parallel to the stacking direction of the 2D layered sample. The pres-
sures were determined by the ruby fluorescence method (44). Mineral 
oil was used as the pressure transmitting medium.

In situ PL and absorption spectroscopy
All the static measurements were performed in a home-designed 
spectroscopy system in microregion (Gora-UVN-FL, built by Ideaoptics, 
Shanghai, China). For the absorption measurements, a Xe lamp 
(EQ-99X-FC-S) was chosen as the white light source. For the PL mea-
surement, a 405-nm continuous laser was used for excitation. The 
laser beam was focused onto the sample surface by an objective lens 
(20×, Mitutoyo, 0.42 numerical aperture) with a spot diameter of 
3 m, and the PL emission was collected by the same objective lens. 
The low-temperature PL spectra were collected on a microscope 

cryostat system (Janis ST-500). A membrane control system was used 
to adjust the pressure in situ for the low-temperature PL measure-
ments. The temperature correction of ruby fluorescence is done 
according to the previous study by Datchi et al. (45).

In situ TA measurements
For time-resolved femtosecond TA measurements, the fundamen-
tal beam produced by the Yb:KGW laser (Pharos, 1030 nm, 20 W, 
100 kHz; Light Conversion Ltd.) was separated into several light beams 
and sent to a homebuilt microscopic ultrafast pump-probe spec-
trometer collinearly and then lastly combined and focused by a 
microscope to a spot size of 1 m. For the pump beam, one of the 
seed beams was introduced into a commercial noncollinear optical 
parametric amplifier (2H-NOPA, Light Conversion Ltd.) and a 
second harmonic generation crystal beta-barium borate (BaB2O4) 
to generate the pump light with a certain wavelength centered at 
470 nm. For the probe beam, another seed beam was focused onto 
an yttrium-aluminum-garnet crystal (8 mm thickness) to generate 
continuum white light as the probe light. The temporal delay time 
between the pump beam and the probe beam was controlled via 
a high-resolution motorized delay stage (M-ILS250HA, Newport). 
The pump and probe pulses overlapped spatially at the sam-
ple, and the transmitted probe light was collected by a spectrograph 
(SP2300, Princeton Instruments) coupled to a nitrogen-cooled detec-
tor (PyLon100B, Princeton Instruments). The transient transmission 
signal was calculated by contrasting and normalizing the transmitted 
probe spectra with and without a pump beam: T/T = (Tpump − 
Tunpump)/Tunpump.

First-principles simulations
First-principles calculations were conducted on the basis of density 
functional theory through Vienna ab initio simulation package 
(version 5.4.4) (46). The exchange correlation function is approxi-
mated by the Perdew-Burke-Ernzerhof (PBE) parametrization revised 
for solids (47, 48). In this work, the outer shell electrons were modeled 
by projector-augmented wave function with the following electron 
configurations: Pb (5d106s26p2), I (5s25p5), S (3s23p4), C (2s22p2), 
N (2s22p3), and H (1s1); the plane-wave basis set was cut off by a kinetic 
of 550 eV. We used the PBE-D3 method of Grimme et al. (49) to cor-
rect the long-range atomic interactions. Such computation strategy has 
successfully reproduced experimental results in a variety of vdW 
solids (33, 50). The Brillouin zone was sampled at a rate of 0.5 Å−1, 
generating a mesh of 1 × 3 × 2 for all structures, such that the atomic 
structures were fully optimized until interatomic forces are less than 
0.01 eV Å−1. We perform geometric relaxation for volume, cell variables, 
and atomic positions at each target pressure until the force is con-
verged to below the aforementioned threshold. After geometric relax-
ation, we calculated the energy contribution from spin-orbit coupling 
to correct the electronic density of states (51), as it has shown to qual-
itatively modify its electronic structure (36).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.add1984
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