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have additional effects on the physical properties of the
material.

The alteration of the perovskite doping levels through
charge transfer between additives and perovskites is a key
example. The concentration of free carriers can significantly
influence the yield of various relaxation processes for excited
carriers, including exciton recombination,20,21 Auger recombi-
nation, and Shockley-Read-Hall (SRH) recombination,22

ultimately determining the overall fluorescence QY. Under-
standing the primary relaxation pathway for a specific
perovskite and investigating how the concentration of free
carriers affects these pathways will be valuable in developing
strategies to enhance the fluorescence QY of the material.
While there have been some reports on the luminescence
properties of halide perovskites influenced by the electronic
doping effect through the adsorption of molecular16,19,23,24 or
ionic dopants23−25 onto perovskites, the introduction of
foreign dopants often leads to diffusion into the soft perovskite
lattices, resulting in changes in chemical structures, including
the density of atomic defects such as vacancies and grain
structures.19,25,26 Moreover, the addition of extra solvents to
introduce dopants can also modify the structure of the target
material, particularly for halide perovskites that are highly

sensitive to solvent environment changes.27−29 Consequently,
investigating the precise role of electronic doping effects on the
relaxation processes of excited carriers remains a challenge.23

Here, we introduce all-dry van der Waals (vdW) contacts of
metallic films onto perovskites to electronically dope the
materials through charge transfer between perovskites and
metals with different electrochemical potentials. We selected
two-dimensional (2D) phenethylammonium tin iodide
(PEA2SnI4) perovskites as representative nontoxic, lead-free
materials11,12 known for their strongly confined excitonic
features and high luminescence QY.30,31 We confirmed that the
doping level of 2D PEA2SnI4 significantly changes depending
on the types of metals in contact, while the perovskite
structures remained intact. Notably, the photoluminescence
(PL) intensity was significantly enhanced after the vdW
contact with aluminum films. This transformation changed the
originally p-type doped 2D perovskite, which had high
densities of defect states,32 to an electronically intrinsic state,
thereby demonstrating the crucial role of electronic doping in
the relaxation processes of excited carriers.

The 2D perovskite structure and the PL measurement
scheme are illustrated in Figure 1a (see the Experimental
Section for detailed information). PEA2SnI4 thin films were

Figure 1. (a) Crystalline structure of the PEA2SnI4 film (left). Schematics for PL measurements on the PEA2SnI4 film with vdW Al contact
(right). (b) Relative PL intensity (IPL) spectra for as-grown (black), Al-evaporated (gray), and vdW Al-contacted PEA2SnI4 films (red). The
power density of the excitation laser of 532 nm in wavelength is 50 W/cm2. (c) Optical reflectance image of the PEA2SnI4 film after the vdW
contact. Scale bar: 1 mm. (inset) Photograph of the same sample. Scale bar: 1 cm. (d) IPL mapping image of the sample in (c). Scale bar: 20
μm. (e) Integrated IPL as a function of the incident laser power.
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grown on optically transparent fused silica substrates using a
solution process.33,34 X-ray diffraction (XRD) and UV−vis
absorption spectra (Figure S1) confirmed that the crystalline
orientation was entirely parallel to the substrates, following a
layer-by-layer structure. The metallic films for vdW contact
were formed on monolayer hexagonal boron nitride (1L h-
BN)/germanium (Ge) substrates by thermal evaporation.
Since the interfacial interactions between h-BN and Ge are
weak,35 the metallic films can be mechanically detached along
with the underlying 1L h-BN and transferred onto the
perovskite surface (refer to the schematic procedure in Figure
S2). Subsequently, the metal/1L h-BN/perovskite structure
was flipped over, and PL measurements were conducted by
using a reflection beam geometry (Figure 1a).

The PL intensity after the vdW contact of aluminum (Al)/
1L h-BN (Figure 1b) became significantly higher than that of
the as-grown perovskite, surpassing it by more than an order of
magnitude. The reflection from the metal underneath increases
both the absorption of incident light and the PL collection
efficiency (Figures S3−5, Table S1). However, the observed
PL increase was beyond expectation, indicating that there is an
additional factor contributing to the enhanced PL. We also

observed that the PL intensity greatly reduced when a thin
Al2O3 layer was inserted between Al and the perovskite film
while maintaining the same reflectance geometry (Figure S6).
While the PL peak shifted between samples, the shift was
insignificant, as 10 meV in photon energy, indicating that the
optical band gaps are similar (Figure S7 with the discussion on
the possible reasons for the peak shifts). Moreover, the surface
of the PEA2SnI4 film, taken through the fused silica,
maintained its original red color uniformly across the entire
surface (Figure 1c) and exhibited consistent PL intensities
(Figure 1d). Both XRD (Figure S1a) and optical ellipsometry
(Figures S3 and S4) measurements confirmed that our vdW
contact process did not cause any structural changes in the
perovskite. In contrast, when aluminum was directly
evaporated onto the as-grown perovskite, the PL intensity
was greatly reduced to 0.04 times the original intensity (Figure
1b), suggesting structural damage to the soft perovskite lattice
caused by the evaporation of hot metals.36 The PL intensity
showed a power-law-dependence on the incident power
density with a constant exponent, α = 1 (Figure 1e). The
extrapolated data line passes through the origin, confirming
that constant α is maintained across the entire range of low

Figure 2. (a) Schematics for subsequent vdW contact and detachment of the Al film onto the PEA2SnI4 thin film (left). IPL spectra at each
step in the left schematics (right). (b) Relative PLQY of PEA2SnI4 with a vdW contact of different metals. The inset shows IPL spectra of the
samples. (c) Normalized intensity spectra by UPS from the PEA2SnI4 on three different substrates (fused silica, Au, and Al). The WF values
were determined as the difference between the secondary cutoff energy and the incident UV energy of 21.22 eV. The dotted lines indicate
the intensity peaks and saddle points, which are shifted by 0.6 eV between PEA2SnI4 on Au and PEA2SnI4 on Al. (d) Band structures of as-
grown and Al-contacted PEA2SnI4. The EF values were deduced from the UPS measurements in (c), and the Ec and Ev were taken from a
reference.31
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incident power in our measurements (Figure 1e, inset). While
the band-to-band recombination model, without considering
excitons, predicts α > 1 with nonmonotonic changes,37 the
constant α ≈ 1 observed suggests the presence of exciton-
related relaxations. This is expected due to the high exciton
binding energy (130 meV)30 compared to the thermal energy
(25 meV) in this quantum-confined Ruddlesden−Popper
perovskite structure.

We further confirmed the correlation between the PL
intensity and the vdW contact by measuring the PL intensity
during the subsequent adhesion and detachment of Al/1L h-
BN on the same perovskite (Figure 2a). The Al vdW contact at
step (i) immediately enhanced the PL intensity, and the PL
signals gradually increased during step (ii) as a result of post-
annealing, which induced conformal contacts of the Al
superlayer. Importantly, after step (iii), where the vdW contact
was released by mechanical detachment, the PL intensity
returned to the original value of the as-grown sample. This
observation suggests that our vdW contact process did not
alter the chemical structure of the 2D perovskite, as also
evidenced by the unchanged structural parameters and optical

refractive index upon Al contact (Figures S1a, S3). To identify
the reason for the enhanced PL intensity, we examined the
change in the relative PL quantum yield (PLQY) resulting
from the vdW contact of different metal films, including gold
(Au) and copper (Cu), as shown in Figure 2b. The relative
PLQY was determined by calculating the ratio of the emitted
PL to the absorbed incident light (for detailed measurement
procedures, refer to Figures S3−5 and Table S1). The PLQY
exhibited a strong correlation with the type of metal in contact.
It increased by a factor of 5 when in contact with Al and a
factor of 2 when in contact with Cu. However, when in contact
with Au, the PLQY remained similar to the value of the as-
grown sample. A previous study has shown that the vdW
contact of different metals on semiconductors can effectively
modulate the Fermi level (EF) of the semiconductor through
charge transfers, without inducing significant pinning states at
the interface.36,38,39 To investigate this possibility, we
performed ultraviolet photoemission spectroscopy (UPS) on
the PEA2SnI4 films with Au and Al contacts as well as without
any metal contact (Figure 2c, see Methods for details). The
positions of all local peak extrema, including peaks and saddle

Figure 3. (a) TRPL data for as-grown (black squares) and vdW Al-contacted PEA2SnI4 (red circles). (b) Schematics for three different
pathways for electron−hole recombination, including exciton recombination and shallow and deep trap-assisted recombination (from left to
right). (c) Calculated SRH relative lifetime, assisted by VSn trap states,43 as a function of (EF − EV) of the PEA2SnI4 at the thermal
equilibrium state. Black and red dotted lines on the data indicate the measured EF for as-grown and Al-contacted samples, respectively. The
inset schematics illustrate the nonradiative recombination for each case. (d) Temperature (T)-dependent PL spectra of as-grown (left, black)
and vdW Al-contacted PEA2SnI4 (right, red). (e) Integrated PL intensity versus T obtained from the data in (d). TM(PEA) indicates the
melting T of PEA.
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points, in the UPS data from the sample with Au contact
(black line) and without any contact (blue line) coincide with
each other. However, all of the positions of the extrema shifted
by 0.6 eV with the Al contact, as indicated by the dotted lines
in the graph. The work functions (WF) were determined as 4.8
and 4.2 eV for the as-grown and Al-contacted samples,
respectively, based on the energy difference between the
secondary electron cutoff and the binding energy of the
incident photon (21.22 eV). The UPS signals near the valence
band edge were too small to deduce a reliable estimation of the
energy levels; therefore, we used the reported energy levels for
the conduction and valence band edges of PEA2SnI4 from a
previous study.31 The as-grown and Au-contacted samples
exhibit p-type band alignments, which are consistent with their
electrical properties.32 However, the Al-contacted film shows
an intrinsic alignment (Figure 2d).

PEA2SnI4 is known to host abundant Sn4+ states due to the
low oxidation energy barrier, which results in a high density of
defects acting as acceptors.40 Our data indicate that the free
hole carriers were effectively removed to Al, which has a low
work function. It is noteworthy that the UPS experiment was
conducted on the exposed surface of the PEA2SnI4 film,
opposite the metal-contacted plane. The thin geometry of the
PEA2SnI4 film, which was measured to be 65 nm thick by
ellipsometry (Figure S3), may have facilitated charge transfer
across the entire film thickness. The significant change in the
doping level suggests that the concentration of free carriers
plays a key role in determining the PLQY in 2D PEA2SnI4.

To understand how the doping level changes the dynamics
of photoexcited carriers, we conducted time-resolved PL
(TRPL) measurements on both the as-grown sample (Figure
3a, black square) and the sample with vdW Al contact (red
circle). The change in the PL signal over time in both samples
follows a biexponential decay, as depicted by the two
extrapolated lines in Figure 3a. Significantly, the time constant
for the fast decay was reduced from 0.6 ns in the as-grown
sample to 0.4 ns in the sample with Al contact, while the time
constant for the slow decay increased with Al contact (see
Table S2 for detailed fitting results). The presence of two
independent decays indicates that there are two different
sources of PL emission. Previous studies have shown that the
fast PL decay is dominated by direct exciton recombination,
while the later PL decay is associated with shallow trap-assisted
recombination41 (schematics in Figure 3b). The faster exciton
recombination rates in the sample with Al contact can be
attributed to a reduced charge-blocking effect resulting from a
reduced free carrier concentration.42 However, the observed
enhancement in the exciton recombination rate by 1.5 times
alone cannot explain the 5-fold increase in PLQY, suggesting
that nonradiative recombination losses should also be reduced.
We have considered two different mechanisms of recombina-
tion as potential nonradiative relaxation pathways in this
system, including Auger and trap-assisted recombination. The
Auger recombination rate is proportional to (Δn)3 in the high-
level injection condition where Δn is the excited electron (or
hole) concentration. Since the exciton recombination rate is
proportional to Δn, the PLQY is expected to rapidly decline as
Δn increases.22 However, the PLQY shows near independence
from Δn, with an α value close to unity at the high-level
injection condition in Figure 1e, where Δn exceeds the free
carrier concentrations in the dark states (see the recombination
model in the Supporting Information). This suggests that
Auger recombination is not the main nonradiative relaxation

pathway. On the other hand, the trap-assisted recombination
rate through in-gap states is proportional to Δn in the high-
level condition, resulting in Δn-independent PLQY,22 which is
consistent with our observations in Figure 1e.

To quantitatively analyze how the trap-assisted recombina-
tion rate changes between perovskites with different EF levels
(Figure 2d), we deduced the recombination lifetime, τSRH, as a
function of free carrier concentrations at the dark state based
on SRH theory (see Supporting Information for the detailed
calculations). The major trap states are assumed to be the
abundant Sn vacancy states, VSn, whose relative energy level
within the band gap has been calculated elsewhere.43 For an
excitation density of 1016 cm−3 at steady state, τSRH increases
significantly from the as-grown sample with EF close to the
valence band edge, EV, at the dark state (represented by the
dotted black line) to the sample with vdW Al contact with EF
close to the midgap (represented by the dotted red line), by
approximately 20 times (Figure 3c). The hole concentration at
thermal equilibrium state, p0, in the as-grown sample is
extracted from Hall measurements in a previous study,33

yielding a value of 4 × 1017 cm−3. The p0 value is much higher
than the excitation density in our measurements (Figure 1e),
representing a low-level injection condition. In the low-level
injection condition, where the minority carrier capturing
process dominates the entire relaxation process, τSRH is
typically lower compared to the high-level condition, where
both electron and hole capturing processes are important to
determine the total τSRH (see Supporting Information for a
detailed discussion). In summary, our analytic model suggests
that it is crucial to reduce p0 below Δn to minimize trap-
assisted recombination via existing in-gap states.

One may note that in a quantum-confined system,
photoexcited carriers predominantly form bound excitons,
and the recombination rate through these bound states does
not significantly depend on the electronic doping concen-
tration.37 However, strong electron−phonon coupling in the
soft perovskite lattice44 can also facilitate the trap-assisted
recombination of photocarriers.45,46 We also note that if the
radiative recombination results from free carriers rather than
bound excitons, as in the case of most 3D systems, reducing p0
will also decrease the radiative recombination rate, and the
enhancement of PLQY will not occur. Therefore, the enhanced
PL due to the suppression of free carrier concentrations would
only be relevant in low-dimensional materials with efficient
formation of radiative excitons.

To further investigate the effect of phonons on the PLQY,
we observed the luminescence while decreasing the temper-
ature of the samples (Figure 3d,e). Both the samples with and
without Al contact exhibited a red-shift of the PL peak energy
as the temperature decreased, which is consistent with a
previous report47 and suggests strong electron−phonon
coupling.48 The PL intensities in the Al-contacted sample
increased as the temperature decreased from room temper-
ature, then suddenly dropped near 210 K, and increased again
down to 90 K. We attribute the initial enhancement of PLQY
when the temperature decreased below room temperature to
the suppression of thermal exciton dissociation. This tendency
can be particularly prominent when other nonradiative
relaxation pathways, such as trap-assisted recombination, are
already suppressed with the presence of Al contact. We found
that suppressed PL below 210 K was irreversible. Considering
that the transition temperature is close to the melting
temperature of organic PEA,49 we speculate that structural
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deformations occurred during the solidification of the PEA
layer, inducing more trap states in the emitting inorganic layer.

Lastly, we tested how the vdW metal contact enhances the
stability of materials in maintaining the PL upon photo-
excitation. The material stability is important for reliable device
operations based on tin-based perovskites as successfully
demonstrated in previous studies.12,50 As shown in Figure 4a,
the PL from the sample with vdW Al contact exhibited a
constant intensity under continuous injection of a high-power
laser (= 250 W/cm2) in ambient conditions. In contrast, the
PL signals quickly decreased in the as-grown sample as well as
in the sample protected by a typical passivation material of
cyclized transparent optical polymer (CYTOP). Photoexcited
carriers can facilitate the oxidation of perovskite, resulting in
the suppression of PL.40 Efficient relaxation of photocarriers
(Figure 3a) and the conformal vdW contact with the high-
quality metal film to block oxygen diffusion into the perovskite
could be the reason for the high stability. In particular, the
vdW contact protects the perovskite from photoinduced
oxidation better than the directly evaporated metal, suggesting
that the deposited metal on h-BN would have an excellent
crystalline structure with low oxygen diffusivity.

The absolute PLQY from the sample with the vdW contact
of Al was estimated from the ratio between the emitted PL
photons and the absorbed incident photons (Figure 4b) (see
Figure S8 for a validation of the measurement method). A
record-high value of 10% for PEA2SnI4 was deduced. Previous
strategies to achieve a high PLQY (see Table S3 for detailed
information) have mostly focused on modifying the chemical
structures,6 but we have demonstrated that electrical tuning
without altering the chemical structure can still significantly
enhance the PLQY. This finding provides a key clue for
selecting interlayer materials in the architectures of light-
emitting devices that contact the emitting perovskite layer.
Additionally, for the synthesis of perovskites, our result implies
that the electronegativity of additives must be carefully
considered. Previous studies have indeed shown that molecular
additives, such as surface passivating molecules, can signifi-
cantly change the overall electronic doping level.18 In this
study, the vdW metal contact demonstrated significant
enhancement of PL, despite the potential quenching through

diffusion of photocarriers toward the metal. While exciton
diffusion within the short exciton lifetime41,51 is suppressed
due to the existence of additional interlayers,52,53 the use of
insulating molecules for modulation of electrical doping can
further improve the PLQY for low-dimensional perovskites
with abundant trap states.

■ EXPERIMENTAL SECTION
Sample Preparations. PEA2SnI4 thin film was prepared

on a fused silica substrate by spin-coating using mixed PEAI
and SnI2 precursor solution in a glovebox, following the
detailed recipe from the previous study.33,34

To prepare metal films for the vdW contacts, 1L h-BN was
first grown on polished Ge (110) substrates using chemical
vapor deposition with borazine precursors as described in a
previous study.35 Target metals (Al, Cu, or Au) were thermally
evaporated onto the as-grown 1L h-BN/Ge substrates with a
thickness of 40 nm and a deposition rate of 0.5 Å/s in a high-
vacuum chamber (∼10−6 Torr). A poly(methyl methacrylate)
(PMMA) solution (996 K, 8% in anisole) was spin-coated
onto the metallic film. A thermal release tape (TRT) was
attached onto the PMMA surface and then lifted to
mechanically exfoliate the PMMA/metal/1L h-BN layers
from the Ge substrate. The exfoliated film was immediately
transferred to the freshly synthesized PEA2SnI4 film. To make
conformal contacts, the film was gently pressed from the top
with a soft elastomer. The TRT was detached by annealing the
sample on a hot plate at 130 °C for 2 min while gently pressing
it from the top. Post-annealing was then conducted at 130 °C
in a glovebox for 2 h to further increase the conformal contact.
To release the vdW contact, as described in Figure 2a, new
TRT was attached onto the surface and then lifted. For the
reference samples in Figures 1b and 4a, Al was thermally
evaporated onto the as-grown PEA2SnI4 film directly with a
thickness of 20 nm and a deposition rate of 0.1 Å/s. For
CYTOP passivated samples, the CYTOP solution was spin-
coated on top of the as-grown PEA2SnI4 film at 2000 rpm for 1
min, followed by annealing at 60 °C for 30 min to achieve a
thickness of 1.2 μm. To deposit a 20 nm thick layer of Al2O3
on Al for the samples in Figures S6 and S8, atomic layer
deposition (model: Plus 200, QUROS) was utilized.

Figure 4. (a) Normalized integrated PL intensity as a function of the excitation time with a continuous 532 nm laser at 250 W/cm2 in an
ambient environment. As-grown PEA2SnI4 film and those with three different overlayers (CYTOP, thermally evaporated Al, vdW-contacted
Al) were tested. (b) Spectra of reflected lights with PEA2SnI4/vdW-contacted Al (red) and with only Al surface without PEA2SnI4 (black) to
deduce absolute PLQY by comparing absorbed incident lights near 532 nm and emitted PL near 630 nm.
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PL Characterizations. Steady-state PL measurements were
conducted using a confocal microscope in a reflection
geometry (model: Alpha300RS, Witec). The excitation laser
of 532 nm in wavelength was focused onto the sample by an
objective of NA = 0.4. The focus of the objective and the tilting
angle of the sample were carefully adjusted to maximize the
reflected PL signals. The incident laser power was measured
using a power meter (model: S170C & PM100D, Thorlabs) at
the sample position. Unless otherwise specified, all PL
measurements were conducted with an incident laser power
density of 50 W/cm2. To measure the temperature-dependent
PL, the sample was placed in an optical cryostat (model: MPS-
LN6C, Nextron).

Time-resolved PL was measured using a fluorescence
lifetime spectrometer (model: Quantaurus-Tau, Hamamatsu)
with an incident wavelength of 464 nm.

Other Characterizations. The UPS was measured
(model: Nexsa, Thermo scientific) on the surface of as-
grown perovskite films on metals (Au or Al) or fused silica.
The samples, grown in a glovebox, were transferred to the UPS
instrument without being exposed to ambient environment by
using a portable vacuum container to maintain the pristine
surfaces.

Ellipsometry was measured using an M-2000 instrument
(J.A. Woollam) for the as-grown perovskite films on metal
surfaces (Au or Al). Three different angles of incident light
were used to measure phi and delta values for each perovskite
film and bare metal substrates. The CompleteEASE program
was used to extract complex refractive index values (n + ik) and
film thickness by fitting using a spatial anisotropy model.

Absorption spectra were measured by UV−vis−NIR spec-
troscopy (model: V-770, Jasco) for the as-grown samples on
fused silica substrates.

XRD measurements were conducted using a Panalytical X-
ray diffractometer (model: Empyrean, Panalytical) for both the
as-grown sample of PEA2SnI4 on fused silica and the sample of
vdW Al/1L h-BN/PEA2SnI4/fused silica. Prior to the measure-
ments, the upper PMMA layer was removed from the
transferred vdW Al/1L h-BN film by using reactive ion
etching with oxygen plasma (model: Vita, Femto Science) at
100 W for 5 min and repeated six times with an interval of 3
min between each etching process.
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