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Prolonging the carrier lifetime in lead-halide perovskite (LHP) can enable

novel schemes for highly efficient energy-harvesting and photodetection
applications. However, suppressing the recombination processes in LHP
without chemical treatments remains an open challenge. Here we show
that the recombination rate of three-dimensional LHP polycrystalline thin
films can decrease significantly when placed on hyperbolic metamaterials.
Through momentum-resolved imaging, we reveal that these LHP films
possess adominant in-plane transition dipole, whichin turnis responsible
for the decrease in the recombination rate. We observe adecreasein

the recombination rate of a MAPDI,; LHP thin film by ~50% and 30% when
placed on a plasmonic mirror and a hyperbolic metamaterial, respectively.
Furthermore, we discover a tenfold decrease in the recombination rate of
(Csp.06FA(7sMA15)Pb(I, 5sBry15)5, and the origin of this giant reduction in the
recombination process is discussed based on exciton-trapping dynamics.
By controlling the recombination rate of LHPs, we demonstrate a250%
increase in photoresponsivity of LHP-based photodetectors. The resulting
physical insights will provide novel means to enhance the efficiency of
LHP-based optoelectronic and photonic devices.

Photoluminescence (PL) plays a crucial role in determining the per-
formance of light- and energy-harvesting devices. Fundamentally, PL
from excited emitters takes place due to vacuum fluctuations where
the emittersinteract with their local electromagnetic fields'. Accord-
ing to Fermi’s golden rule, the recombination rate is proportional to
the number of available propagating or evanescent electromagnetic
modes to which the emitters can decay, that is, the local density of
optical states (LDOS)'. Purcell introduced the idea of controlling the
emission rate of an emitter by placing itinside a cavity that can alter

the LDOS®. The Purcell factor (PF) quantifies the ratio of the modified
radiative decay rate to thatin free space.

Controlling the PF is of fundamental importance to photonic
devices where the device efficiency is sensitive to the recombina-
tion dynamics"’”. Various nanophotonic platforms have been uti-
lized to enhance the PF, for example, photonic-crystal cavities®,
low-modal-volume plasmonic nanocavities'® and high-LDOS structures
such as hyperbolic metamaterials®~. On the other hand, reduction of
the PF has been realized by means of photonic-bandgap materials™"
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or cavities with an optical length smaller than half the emitter wave-
length®. Inaddition to the design of platforms with engineered LDOS,
the transition dipole orientation of the emitter can play a critical role
in determining the recombination rate'. Acommon assumption, how-
ever, isthat thetransition dipole moment of an emitter isisotropic, that
is, with no preferred orientation. This assumption is not always valid
and may lead to discrepancies between the predicted recombination
rate and the measured one™ ", Recent works have reported that several
two-dimensional (2D) luminescent materials show strong anisotropic
(in-plane or out-of-plane) dipole orientation''*'*?, Directional emis-
sion dueto optical anisotropy isimportant to enhance the performance
of optoelectronic devices, lasing and displays-**.

Lead-halide perovskites (LHPs) are an exciting class of semicon-
ductors with remarkable optical and electronic properties, such as
strong light absorption, low surface recombination rates* and long
charge-carrier diffusion lengths®**. These properties haveled to LHPs
becoming the focus of fundamental and applied research to develop
high-efficiency optoelectronic devices such as photodetectors® >,
photovoltaics®*~*? and light-emitting devices* *. Understanding the
nature of excitons in LHPs is thus of major importance for the realiza-
tion of high-efficiency LHP-based devices.

Inthis Article, wefirst characterize the transitiondipole orientation
ofan LHP film (MAPbl;, MA = CH;NH,) through amomentum-resolved
imaging technique. The anisotropic (in-plane) nature of the transi-
tion dipolein the LHP film allows us to control its recombination rate
using plasmonic materials via two competing effects: increasing the
recombination rate (Purcell enhancement) due to the excitation of
evanescent (high-k, kis the wavevector, indicating momentum of light)
modes, and decreasing the recombination rate (Purcell inhibition)
due to the suppression of propagating modes as a result of a destruc-
tive interaction between the transition dipole and its out-of-phase
image. We observe a significant decrease in the recombination rate
in the MAPDbI, film, even when it is deposited directly on a hyperbolic
metamaterial (HMM), which is contrary to all existing literature on
quantum metamaterials®>*¢%, We note that the destructive interaction
betweenthein-plane transitiondipole and itsimage reduce the LDOS
by decreasing the amplitude of the net transition dipole moment. We
further demonstrate that this scalable and purely physical approach
cansubstantially prolong the PL lifetime, whichleadstoanincreasein
the carrier diffusion length in the MAPbI, film by up to 43%. Most strik-
ingly, we obtain a tenfold reduction of the PF (900% increase in the PL
lifetime) inatriple-cation LHP (TCLHP, (Cs osFA -sMA, 15) Pb(logsBr15)5)
filmwhenitis deposited on aplasmonic mirror. We utilize the enhanced
carrier diffusion length to improve the performance of LHP-based
photodetectors and realize a250% enhancement in photoresponsivity.

Results

Image dipoleinteraction effect on recombination rate

Figure 1aschematically shows the material configuration and the mecha-
nisms that determine the PF of an emitter interacting with a plasmonic
substrate. In general, the recombination rate of a transition dipole at a
distance d away from a metallic surface experiences two effects. For small
d (xA, wavelength), the dipole’s near-field is capable of exciting high-k
(evanescent) modes such as the surface plasmon polaritons (SPPs) that
propagate atthe metal-dielectricinterface and the bulk plasmon polari-
tons (BPPs) that propagate inside HMMs. Excitation of such high-k and
non-radiative modes willincrease the recombination rate, regardless of
thedipoleorientation. Asdincreases, the interaction between the dipole
and itsimage formed by the metal layer comesinto play and canalter the
recombinationrate depending onthe transition dipole orientation. For
aproper range of d, the destructive interaction between the radiation
fromanin-plane dipole and its (out-of-phase) image dipole decreases the
LDOS by suppressing the excitation of radiation (propagating) modes.
Conversely, the constructive interaction between the radiation froman
out-of-plane dipole andits (in-phase) image dipole increases the LDOS

by enhancing the excitation of radiation modes. The effect of theimage
dipole interaction diminishes as dincreases™.

Todescribe thisinteraction, we calculated the PFs for in-plane and
isotropic dipoles placed at a distance d from a silver mirror at visible
wavelengths, as shown in Fig. 1b and 1c, respectively. For an in-plane
dipole at d <20 nm, the recombination rate is accelerated (PF >1) as
the emitter excites SPPs. Interestingly, for A = 650 nm and a certain
range of d, PF <1is possible for the in-plane dipole case. On the other
hand, the PF is always larger than1for anisotropic dipole. The higher
PF of theisotropic dipole for d < 20 nm compared to anin-plane dipole
occurs because the out-of-plane component further boosts the PF
at short distances; that is, the constructive interaction between the
out-of-plane component and its image increases the PF in addition to
the excitation of surface waves on the metallic substrates (Supplemen-
tary Note I and Supplementary Fig. 1)'*. Note that the relative phase
between the radiation from the dipole and itsimage is given by 2td/nA,
where nistherefractiveindex of the environment. Consequently, ata
givendistanced, the effect of theimage dipoleinteractiononthe LDOS
accentuates asAincreases. Figure 1d and le presents the PF calculation
for in-plane and isotropic dipole orientations as a function of dand 1
in the presence of an HMM, respectively. Surprisingly, there exists a
spectral and spatial range where PF <1, even onan HMM in the case of
anin-plane dipole, contrary to reports from the existing literature on
HMMs. Note that the spectral and spatial range where PF >1is wider
than the mirror case owing to the high-k BPP modes supported by
HMMs, which further increases the LDOS*. In Supplementary Note
II, we discuss the generalized image dipole concept and the difference
between the image dipole interaction with a metallic mirror and the
interference effect with dielectric mirrors to realize a lower PF (Sup-
plementary Figs.2 and 3).

We deposited LHPs on various substrates to study the exciton prop-
erties of the LHP films. We note that LHPs sustain excitonic transitions
andalarge oscillator strength, which are prerequisite conditions for the
examination of dipole orientation®~* (Supplementary Note IlI). The
linear absorption spectrum of the MAPbI, film enables a strong excitonic
contribution to a radiative band-to-band transition, despite its small
exciton binding energy of 33 meV (Supplementary Fig. 4a and Supple-
mentary Table1). The solution-processed fabrication of LHPs provides a
straightforward approach forintegration withnanophotonicstructures
suchas plasmonic mirrorsand HMMs, which have been used to engineer
the recombination rate of various quantum emitters***. In our experi-
ments, we spin-coated 60-nm-thick emitter films on glass, a single-pair
Ag-Al,O; film (plasmonic mirror) and a four-pair Ag-Al,0; HMM. The
thicknesses of the Ag and Al O, films are both 10 nm (Supplementary Fig.
5). The PLspectraand Raman spectraof MAPbI, films deposited on both
glassand HMM show no notable dependence of the LHP film properties
onthesubstrate (Supplementary Fig. 6).

Far-field radiation pattern measurements

To study the effect of transition dipole orientation on the PL decay
dynamics, we performed a comparative study of MAPbI, and organic
dye (LDS750) thin films. We chose LDS750 because its PL spectrum
overlapswiththat of MAPbI, (Fig. 2a). To determine the transition dipole
orientation of both emitters, we carried out measurements of the
far-field radiation pattern for MAPbI; and LDS750 films using a
momentum-resolved imaging technique™® (details of the experimen-
tal set-up and simulation method are provided in Supplementary Fig.
7and Supplementary Note IV). Figure 2b and 2c presents the measured
and calculated far-field radiation patterns of the LDS750 and MAPbI,
films, respectively. In general, the p-polarized momentum-resolved
PL (P (k;)) collected from an ensemble of dipoles can be modelled as
asuperposition of in-plane (/, (k;))and out-of-plane (%, (k;)) dipole
emission such that'®

P (ky) = Alah, (k) + @ - @) o, (Ky)] @
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Fig.1|Purcell effect of an anisotropic transition dipole in the presence ofa
plasmonic substrate. a, Schematic description of the material configuration
and underlying mechanisms of the optical interplay between the transition
dipole and plasmonic substrates. When d < A, the dipole’s near-field excites
SPPsin metallic substrates and BPPs in HMMs, increasing the PF regardless
ofthe dipole orientation. As d increases slightly, the interaction between the
transition dipole and its image formed on the substrate strongly influences the
LDOS by decreasing the net transition dipole moment depending on the dipole’s
orientation and position. For reasonably close dipoles, a destructive interaction
occurs between anin-plane dipole and its out-of-phase image dipole, which
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reduces the LDOS pertaining to propagating modes. Conversely, a constructive
interaction occurs between an out-of-plane dipole and its in-phase image dipole,
whichincreases its LDOS by increasing the net transition dipole moment.b,c,
Numerical calculation of PF (colour bar) as a function of d and wavelength in

the presence of amirror for in-plane and isotropic dipole orientations. d,e,
Numerical calculation of PF (colour bar) as a function of d and wavelengthin

the presence of an HMM for in-plane (d) and isotropic (e) dipole orientations.
Note the existence of aregion in the parameter space of anin-plane dipoleona
mirror (b) and an HMM (d), where PF < 1.Isotropic dipole orientation is defined as
(2¥ip + Vor)/3 Where yp and yp are in-plane and out-of-plane dipoles, respectively™.
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Fig.2|Momentum-resolved radiation and TRPL measurements of MAPbI,
and LDS750 films. a, PL spectra of MAPbI,; (red) and LDS750 (green) films
deposited on glass at 532-nm excitation. b,c, Radiation patterns of the same
LDS750 (b) and MAPDI, (c) films as a function of the emission angle, respectively.
Solid curves and open circles correspond to experimental and simulation results,
respectively. Grey regions represent the angular range that was not collected.
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d,e, Experimental results of normalized TRPL (d) and normalized recombination
rate distribution (H(I) (e) of MAPbI, polycrystalline film deposited on glass,
mirror and HMM substrates. f,g, Experimental result of normalized TRPL (f)

and normalized H(I") (g) of LDS750 film deposited on glass, mirrorand HMM
substrates. The excitation wavelength for TRPLis 532 nm. The filled black circles
ind and fare fitting curves based on the stretched exponential function.

where A is a proportionality constant that depends on experimental
parameters such as the integration time and excitation intensity, and
k;is the in-plane photon momentum. a represents the ratio of , (k)
to the total emission. By fitting the momentum-resolved PL with

equation (1), we estimated a for MAPbI; and LDS750 to be -1+ 0.0027
and -0.86 + 0.0037, respectively. This explicitly indicates that the PL
collected from MAPDI; originates mainly from in-plane excitons,
whereas LDS750 represents a near-isotropic emitter. The exciton
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Fig.3 | TRPLresults of MAPbBr; and DCM films. a, PL spectra of MAPbBr,

(blue) and DCM (yellow) films deposited on glass at 470-nm excitation. b,c,
Experimental results for normalized time-resolved PL (b) and calculated
recombination rate distribution H(I") (c) of DCM film deposited on glass, mirror
and HMM substrates. d, Cross-section of PF calculation as a function of d witha
mirror and an HMM for isotropic dipoles at A = 540 nm. e f, Experimental result of
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normalized time-resolved PL (e) and calculated recombination rate distribution
H(I (f) of MAPbBTr; polycrystalline film deposited on glass, mirrorand HMM
substrates. g, Cross-section of the PF calculation as a function of d with a mirror
and an HMM for in-plane dipoles at A = 540 nm. The filled black circlesinband e
are thefitting curves based on the stretched exponential function. The excitation
wavelength for time-resolved PLis 470 nm.

anisotropy is believed to be due to the lamella characteristics of the
polycrystalline film, which originate from the 2D nature of the precur-
sor. This indicates that interlayer excitons are unlikely to be formed,
and this could explain the in-plane nature of the LHP excitons**®. As
stated earlier, thein-plane dipole orientation of MAPbI, can be utilized
to engineer the exciton’s LDOS. We performed time-resolved photo-
luminescence (TRPL) measurements on the MAPbI; and LDS750 films
deposited on glass, mirror and HMM substrates. A sufficiently low
excitation fluence of 0.5 pJ cm™ was maintained to avoid extraneous
effects such as Auger recombination. The observed non-exponential
decay is due to the strong dependence of the LDOS on the distance
from a plasmonic mirror (or an HMM). We thus employ the stretched
exponential function as a fitting tool for the experimental results to
obtainadistribution of recombination rates I, H(I) (Methods)*, allow-
ing us to quantitatively determine the modified " resulting from the
dipole-substrate interaction.

Variation of recombination rate depending on the substrates
Figure 2d,e presents the normalized TRPL and H(I') of LDS750 for the
three substrates. The peak value of H(I'), denoted I', corresponds to
the most likely recombination rate. Unsurprisingly, the recombination
rate of LDS750 increased for amirror and further increased foranHMM.
The calculated I" for glass, mirror and HMM are g, =1.02ns™,
T mirror=1.49 ns™and Iy =2.36 ns™, respectively. Considering I'gag
to approximate the free-space rate, the ratios of the recombination
rate of glass to those for the mirror and HMM are Iyigror/ I gass =1.46
and Iyym/ T grass = 2.31, respectively.

Incontrast, we observe asignificant decrease in the recombination
rate of MAPDI; after introducing plasmonic substrates (Fig. 2f). In Fig.
2g, we obtained Igye=0.078 Ns™, Iyirror = 0.039 ns™ and
Tyumm =0.057 ns™, yielding I micror/ I glass= 0.51and I/ T gjass= 0.73.
This indicates twofold and 1.37-fold decreases in the recombination
rate, respectively. A quantitative comparison between the experimen-
tally obtained recombination rate and the calculated ratio shows

excellentagreement, as showninSupplementary Table 2. The observa-
tion of a decrease in recombination rate for an HMM disagrees with
previous studies on HMMs>>. If we take the in-plane dipole of lumines-
cent excitons in LHPs into account, however, we find a strong agree-
ment with the analysis presented earlier (Figs.1b and 2¢). As shownin
Fig. 1b, an in-plane dipole emitting at ~750 nm and located within a
range of d from-20 nm to 80 nm from the mirror substrate experiences
asuppressioninthe recombinationrate. The stronger recombination
rate reduction of the MAPDI, film on a mirror compared to the HMM
results from the higher LDOS associated with the excitation of BPPs.
Therefore, the reduction of recombination rate foranHMM indicates
that the destructive interaction between the in-plane dipole and its
image leads toareduction of the net transition dipole moment, which
dominates over the high LDOS of HMMs. The dipole-substrate distance
dependence of the recombination rate was confirmed by depositing
MAPbI; onan HMM with a 125-nm-thick Al,O; spacer layer (Supplemen-
tary Fig.8). The TRPL results for the MAPbI, film deposited onaquench-
ing layer phenyl-Cé61-butyric acid methyl ester (PCBM) and a much
thicker MAPDI, film (500 nm) further corroborate our results (Sup-
plementary Figs.9 and 10 and Supplementary Tables 2 and 3). Further-
more, we find that the PL quantum yield (PLQY) from the MAPDbI; film
decreases more than that from the LDS750 film in the presence of a
plasmonic mirror, which underpins the remarkable decrease in the
radiative decay rate due to the in-plane dipole orientation (Supple-
mentary Note Vand Supplementary Table 4).

By fitting the TRPL of MAPDI, film on a PCBM (quenching) layer
with the diffusion model (Supplementary Note V), we estimated the
diffusion coefficient tobe 9.2 x 10~ cm?s™, yielding a diffusion length
of 110 nm for MAPDbI, film on a glass substrate, inagreement with previ-
ous reports*®, The suppression of the recombination rate with mirror
and HMM substrates increases the diffusion lengths to 158 nm and
130 nm, respectively (Supplementary Fig. 11). Note that decreasing
the recombination rate via chemical passivation does not necessarily
correspond to anincrease in the diffusion length, as it can change the
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Fig.4 | TRPLresults for the TCLHP ((Csg oFA, ;0MA, ;5) Pb(I, 5sBr, 15);) filmand a
schematicillustration of the relevant recombination processes. a, PL spectra
of MAPbI; and TCLHP polycrystalline films deposited on glass. b, Experimental
results for normalized TRPL of TCLHP film deposited on glass, mirrorand HMM
substrates. ¢, Normalized recombination rate distribution H(I") of TCLHP film on
glass, mirrorand HMM substrates. d, Schematics of the relevant photophysical
processes in the TCLHP film by considering both image dipole interaction and
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grain boundary size in perovskites, which can adversely affect the
charge mobility™.

To examine the spectral dependence on the recombination rate,
we studied another type of LHP (MAPbBr;) and compared it with an

organic emitter, DCM (4-dicyanomethylene-2-methyl-6-
(p-dimethylaminostyryl)-4H-pyran). In Fig. 3a, both emitters exhibit
asimilar PLspectrumintheregionwhere PF >1, regardless of the dipole
orientationordistance (Fig. 1b,e atA =540 nm). The calculated effective
permittivity of the HMM shows a hyperbolic dispersion for the studied
wavelength range (Supplementary Fig. 12). Figure 3b,c displays the
TRPL and calculated H(I") for DCM, respectively. As expected, DCM
experiences a higher I" for a mirror, which increases further for an
HMM. A similar trend is observed for MAPbBTr, (Fig. 3e), in agreement
with our numerical calculations of the PF (Fig. 1b,e). The TRPL results
for MAPbBr;, however, exhibit a peculiar behaviour, because H(I) is
considerably broader for an HMM compared to that of a mirror, with
faster and slower recombination rates (Fig. 3f).

Numerical calculations indicate that the broadness of H(I") for
MAPDbBr; on an HMM substrate is due to the in-plane dipole moment
of MAPDbBTr;. Distance-dependent PFs at A =540 nm are shown in Fig.
3d,g for an in-plane dipole and an isotropic dipole, respectively. The
observed H(I) of MAPbBr; on an HMM can be attributed to the predomi-
nantin-plane dipole of MAPbBTr;. For an isotropic dipole, the PF of an
HMMis greater than that of amirror, irrespective of d (Fig. 3d). For an
in-planedipole, however, the recombination rate for amirroris higher
than that for an HMM when d > 45 nm (Fig. 3g), resulting in a broader
distribution of "on an HMM, with faster and slower /" components
compared to that on a mirror for an in-plane dipole. The observation
of lower recombination rates could be related to the strong presence
of trap states in MAPbBr,*, which, as we detail later, may become
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responsible for an even slower recombination rate as they correspond
to alower transition energy compared to trap states.

To generalize our observations, we performed a TRPL study on a
TCLHP ((Csg0¢FA¢70MAg15) Pb(logsBrg1s)3), which shows an ~20-meV
redshifted PL band compared to MAPbI, (Fig. 4a), consistent with the
energy-gap value extracted from the absorption spectrum (Supple-
mentary Fig. 4b and Supplementary Table 1). TCLHPs are excellent
active materials®* that enjoy stronger thermal stability, less moisture
susceptibility, higher fabrication tolerance and a stronger nonlinear
optical response compared to MAPbI,*. The exciton binding energy
ofthe TCLHP (32 meV) is similar to that of MAPbI, (Supplementary Note
VI). X-ray diffraction analysis of TCLHP films deposited on glass, mirror
and HMM showed nosignificant change (Supplementary Fig.13). Figure
4b,c presents the TRPL results and H(I") of TCLHP film for different
substrates. For aglass substrate, the fast decay component associated
with trap-assisted recombinationis pronounced, consistent with previ-
ous studies®. Introducing plasmonic substrates dramatically decreases
the recombinationrate of the TCLHP. In Fig. 4d, we describe the band-
structure of TCLHP*°, as well as the relevant photophysical processes.
Thereductioninthe PLQY indicates that the trapping processbecomes

slower and carriersin the trap states live longer (Supplementary Note
VII), sothe carriersinthe trap states are likely to de-trap and decay with
alonger time from the conduction band-edge, leading to the giant
reductionintherecombinationrate (Supplementary Fig.14). Numeri-
cal simulations of the depopulation dynamics based on the coupled
differential rate equations reflecting the longer radiative and trapping
processes support this interpretation (Supplementary Fig. 18 and
Supplementary Table 5). In Fig. 5 we plot Igjass/ I'mirroraNd I'gjass/ I iivm
versus the perovskite and organic films used in this work, obtaining a
value of 0.11, and for TCLHP film, obtaining 0.16. This indicates an
approximately tenfold (-900%) and sixfold (500%) decrease (increase)
inrecombination rate (recombination time) inthe presence of amirror
and HMM, respectively. This giant reduction of the recombinationrate
iseven higher than predicted numerically and indicates the existence
of another mechanism. The results of H(I) show that suppression of
the recombination rate occurs for all the decay-rate components,
including the fast decay associated with trap states (Fig. 4c). We believe
that thisisrelated to the de-trapping of excitons from trap states back
to the band-edge, which is more likely to take place at room tempera-
ture due to thermal excitations®'. We note that this physical suppression
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of trap states does not affect the mobility and morphology of perovs-
kite, enabling effective minimization of the influence of trap states
without chemical drawbacks such as reduction of mobility*.

Enhanced photoresponsivity of hybrid photodetectors

The observed reductionin the recombination rate and the associated
increase in the diffusion length open the door to enhancing the per-
formance of LHP-based devices. Figure 6a presents a schematic of an
LHP-based photodetector with a plasmonic mirror (hybrid photodetec-
tor). We fabricated aset of devices by varying the spacer layer thickness
and with a TCLHP as active material. For the conventional photodetec-
tor, used as areference, we fabricated four samples with different SiO,
spacer layer thickness (from220 nm to 280 nm). The proposed hybrid
device introduces a 50-nm-thick silver (Ag) layer on top of the silicon
substrate. The SiO, spacer layer between the Ag film and the active
material was varied from 20 nm to 80 nm. TCLHP films were deposited
onto all the substrates, followed by deposition of 80-nm Au counter
electrodes via thermal evaporation. For all the devices, we measured
the photocurrent and photoresponsivity (R) generated by the power
of theincident light at 532 nm, expressed by the following equation:

highe — laark
R = ight — Tdark
P

where ligh, 4,1 and Pare the photocurrent, dark current and incident
light power density, respectively. Figure 6b shows the photocurrent as
afunction of voltage for both conventional and hybrid photodetectors
with 260-nm- and 60-nm-thick SiO, layers, respectively (the data for
alldevices are presented in Supplementary Fig.15). The photocurrent
obtained from the hybrid photodetector is remarkably higher than that
obtained fromthe conventional photodetector. The higher photocur-
rentinthe presence of ametallayer leads to higher photoresponsivity R.
Figure 6¢c shows the Ratabias voltage of 2.5 Vfor all devices. Although
Rremains nearly constant for the conventional devices when varying
the SiO, thickness, itincreases significantly for the hybrid devicesinan
appropriate SiO, thickness range. In particular, Rincreases by 250%in
the hybrid photodetector for 60-nmSiO, layers compared to conven-
tional photodetectors. We note that the change in optical absorption
due to introducing the metal layer plays no crucial role in increasing
the photocurrent (Supplementary Fig. 16). In addition, a decrease in
LDOS inthe broad range of the emission band leading to a longer car-
rier lifetime does not necessarily correspond to a reduction of LDOS
in the absorption band (Fig. 1b). Therefore, the enhancement in R is
attributed to the slower exciton recombination and longer diffusion
length in perovskite resulting from the in-plane dipole-image dipole
interaction. Along with the demonstrated stability of the hybrid photo-
detector (Fig. 6¢, inset), the observed enhancementsin the photocur-
rent and photoresponsivity demonstrate the potential of our hybrid
device approach for developing high-performance perovskite-based
optoelectronic devices.

Conclusion

In summary, we have demonstrated that the orientation of LHP exci-
tons enables control over their recombination process. We show
that the interaction between the in-plane dipole of LHP and its image
formed on a plasmonic substrate decreases the recombination rate,
without any chemical treatment, introduction of an optical cavity or
photonic-bandgap engineering. Perhaps more surprising is the remark-
able (up tosixfold) decrease in recombination rate even on an HMM sub-
strate. By analysing the decay rate distribution, we demonstrate that,
for TCLHPs, the decay channel due to trap states can be significantly
suppressed due to theimage dipole interaction, resulting in a tenfold
increasein exciton lifetime. Furthermore, the image dipoleinteraction
enables usto substantiallyimprove the device performance of photo-
detectors by achievingamore than 250% increase in photoresponsivity.

These results provide a fundamental understanding of the transition
dipole properties in LHPs, which will pave the way towards physical
control over the recombination process in LHPs, with far-reaching
implications in optoelectronics.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41566-022-01151-3.
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Methods

Sample preparation

All chemicals were purchased commercially and used as received.
MAPDI; precursor solutions were synthesized by mixing MAI
and lead iodide (Pbl,) in a 1:1 (0.082:0.029 g) equimolar ratio in
N,N-dimethylformamide (DMF; 0.7 ml) and dimethyl sulfoxide (DMSO;
0.3 ml)at70 °C, thenstirring for 6 hinside anitrogen-filled glove box.
The HMM substrates were first treated in oxygen plasmafor1 minand
thentransferredinto the glove box. MAPbI; precursor solution (70 pl)
was dropped onto the substrates, which were then spin-coated at
500 r.p.m. (for5s) and 2,000 r.p.m. (for 60 s). Chlorobenzene (500 pl)
wasdropped 20 s later. The substrates were then placed on ahotplate
at 70 °C and 105 °C for 2 min and 10 min, respectively. The MAPbBr,
precursor solutions were prepared by adding 0.25 mmol MABr and
0.25 mmol PbBr, in DMSO (1 ml), followed by stirring at 500 r.p.m.
for 6 hin a glove box. The oxygen plasma treatment method was as
described above. MAPbBTr; precursor solution (70 pl) was dropped onto
the substrates, then spin-coated at 500 r.p.m. (5s) and 2,000 r.p.m.
(60 s). Methylbenzene (500 pl) was dropped 35 s later.

The (CsggsFA(70MA(15)Pb(l, gsBrg15); film was synthesized by
following the reported two-step and anti-solvent method. With this
method, we prepared a precursor solution of Pbl, (1.2 M), FAI (1.11 M),
MABT (0.21 M) and PbBr, (0.21 M) in a mixer of DMF:DMSO (4:1 vol-
ume ratio, vol/vol), followed by the addition of 5 vol% from Csl stock
solution (1.5 M in DMSO), and then filtered it using a polytetrafluor-
oethylene membrane filter (0.2-pm pore size) to produce the final
(Csg.06FAG790MA( 15)Pb(I, gsBr 15); precursor solution. This precursor
solution was spin-coated on the glass slide using a two-step process at
2,000and 6,000 r.p.m.for10 sand 30 s, respectively. After aset time,
another solvent, chlorobenzene (190 pl), was added to the substrate
for 30 s while spinning. Subsequently, the substrate was thermally
annealed at100 °Cfor1h,then preservedin anitrogen-filled glove box.

DCM and LDS750 were blended into a poly(methyl methacrylate)
host (2 wt%) to prevent the quenching effect due to aggregation, and
deposited by spin-coating at 3,000 r.p.m. for 30s.

The multi-layered HMM, consisting of four pairs of alternat-
ing 10-nm-thick Ag-Al,O, layers, was fabricated by electron-beam
evaporation.

Calculation of the PF

We performed a finite-difference time-domain (FDTD) simulation,
using Lumerical software, to calculate the PF (F) and the external quan-
tum efficiency (f). We also verified the calculations for Fand fusing an
FDTD stack optical solver. The calculation procedure is as follows: an
electricdipole (representing aquantum emitter) is placed 10 nm above
the HMM surface, and the dipole orientationis assumed to be isotropic
with respect to the interface:

P
Power density (Fyaq) = —22
Po
—_ _ Fraq
Quantum efficiency (f) = F

where Fisthe Purcell factor (PF), P,,qis the power emitted in the far-field,
P,.nraqiS the power dissipated non-radiatively, for example, by exciting
anSPPoraBPP,and P,is the power emitted by the dipole in aninfinite
uniform medium. The quantum efficiency fis given by the ratio of the
power density, F,,4, and the PF, F.

Absorption, PL and Raman spectra measurement

UV-visabsorption measurements were carried out on allsamples using
aCary 5000 UV-visible-NIR spectrometer (Agilent). The Ramanand PL
signals were collected by aLabRAM HR Evolution Raman spectrometer
(Horiba Jobin Yvon, x100 objective (numerical aperture = 0.9) and

1,800-lines-per-mm gratings). The laser excitation was at 532 nm and
apower of 0.1 milli-watts.

TRPL measurement

TRPL measurements were carried out using a time-correlated sin-
gle photon counting system (PicoQuant) excited with a 532-nm laser
with 150-ps pulse duration. The excitation fluence was maintained at
0.5 pJ cm™for each entire measurement.

Analysis of TRPL results based on the stretched exponential
function

The decay dynamics of the current system is complicated as it allows
for various decay processes and a spatially varying LDOS. The main
advantage of the stretched exponential fitting method is that it takes
into account all processes for our system. In such cases, the fluores-
cence decay can be written as*’

1) = [H(I) exp(~-T8)dT (ML)
0

where I"is the decay rate and H(I") is a distribution of the decay rates.
Here we assume that the fluorescence decay follows a stretched expo-
nential (Kohlrausch) function such that*’

1(t) = exp[—(t/1o)P] (M2)

where 0 < <1, and 7, is a parameter with the dimensions of time.
Determination of H(I) from experimental data (thatis, foragiven/(t))
can be obtained with*’

H(I) = %0 ?exp [—uf cos(Br/2)] cos[uP sin (Bz/2) — I'tou] du  (M3)
0

Fabrication and characterization of photodetectors

To fabricate hybrid horizontal photodetector, the perovskite
(Csp.06FAG76MA( 15)Pb (1, 5sBr 15); film was spin-coated on the Si/SiO, or
Si/Ag/SiO, substrate, then an 80-nm gold electrode was evaporated on
top of the perovskite. A silver layer was deposited on the silicon sub-
strate using electron-beam evaporation. The /-V curves were measured
atroomtemperature inanambientatmosphere withaKeithley 4200A
semiconductor parametric analyser (Tektronix) and a C-100 probe
station from TPSi Company. All the photoresponse characteristics of
the devices were measured under 532-nm laser excitation with tunable
light intensity.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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