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Polarization effects on optoelectronic behaviors in perovskite-based devices are difficult to address due to quick
electronic polarization relaxation and ionic polarization from mobile ions. Here we show the effects of polarized
excited states on photoluminescence and photocurrent in MAPbBr3 thin-film devices. We found optically po-
larized transition dipoles, oriented paralleled and perpendicular to device built-in field, give rise to significantly
different photoluminescence and photocurrent outcomes. It provides a new understanding that controlling do-
main geometry can further enhance the light-emitting and photovoltaic performance of perovskite-based ap-
plications. The observation proves that the anisotropy of photoexcited transition dipoles is existed in the elec-
tronic states of MAPbBrs. Particularly, this indicates that photo-induced electronic polarization can be shown as
photoinduced dielectric polarization at the dipolar polarization regime, which impacts device performance. We
also observed that increasing photoexcitation intensity leads to a decreases on both field-induced photo-
luminescence quenching and field-induced photocurrent enhancing, which implies a cooperative interaction
between transition dipoles of increased density that favors light emission but infavors charge dissociation. This
provides a critical understanding on why organic-inorganic hybrid perovskites can function as efficient photo-
voltaic and light-emitting materials at low and high excitation intensities, respectively. Our estimation shows
that, by manipulating the ratio of dipole orientation, the efficiencies of perovskite-based LEDs and solar cells
could be improved by 50% and 18%, respectively. Clearly, the polarization effect presents a new insight on
further controlling photovoltaic and light-emitting actions by manipulating the polarization of excited states in
perovskite optoelectronics.

1. Introduction

photovoltaic actions in inorganic ferroelectric materials [28,29]. For
example, the horizontally oriented in-plane component of the ferro-

The organic-inorganic hybrid perovskites (OIHPs) have emerged as
one of the most promising materials for highly efficient photovoltaics
(PV) [1-4]. Besides, this class of materials have been found as multi-
functional materials for different applications including photodetectors
[5]1, light-emitting device (LED) [6-8], lasing [9-11], and field-effect
transistors [12-14]. More interestingly, it was shown that OIHPs are
electrically and optically polarizable [15-19]. The polarization is re-
ported caused by field-induced ion/defect migration [20,21], ferro-
electric properties due to the rotational freedom of the dipolar organic
cations (such as MA ™) [22-25], and large polaron formation due to the
deformation of the inorganic sublattice ([PbX3]") [26,27]. The photo-
induced polarization, associated with fundamental photophysical be-
haviors, significantly impacts the performance of optoelectronic appli-
cations and requires more efforts. Several studies have shown that
photo-induced polarization plays an important role in determining
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electric polarization generated maximum photocurrent in BiFeO;
single-domain crystals when excited by polarized light with parallel
polarization [30]. In OIHP thin films, the in-plane and out-of-plane
transition dipole moments were observed, which were excited by lin-
early polarized photoexcitation perpendicular and parallel to the in-
cident plane, respectively [31]. Furthermore, it was revealed that in
MAPbI; thin film the excited states induced by polarized photoexcita-
tion maintain a polarization memory (~150 ps) which leads to a
transient polarized photoluminescence (PL) emission at room tem-
perature [17,18]. Recently, it has been reported that polarization
memory was also observed in MAPbBrs; films [32]. The study indicated
that the intrinsic transition dipole moments, depending on both light
polarization and polar distortion of local crystal lattice, is responsible
for the polarization memory. A significant polarization loss has also
been reported when utilizing above-bandgap photoexcitation in the
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study, which implies the difficulty to investigate the polarization effects
on steady-state optoelectronic behaviors in perovskite-based devices.
The published works on transition dipole moments and polarization
memories have proved the existence of polarized excited states and
their picosecond-timescale relaxation lifetime in OIHPs. Orientation of
the transition dipole moments has been known as a critical factor in-
fluencing device efficiencies in optoelectronic applications [33,34].
Therefore, it can be expected that manipulating photo-induced polar-
ization in OIHPs can provide a new approach to influence the device
performance. However, photo-induced polarization in OIHPs is oc-
curred at the electronic regime (~10'°Hz). Normally, such high-fre-
quency polarization can negligibly impact the steady-state device per-
formance controlled by dielectric polarization at low frequency
(< 10°Hz). In our work, we demonstrate that it is possible to convert
the transient polarization from electronic polarization regime to dipolar
polarization regime (~10°Hz), found by manipulating their orient-
dependent dissociation under device-operating condition, and conse-
quently improves the performance of OIHP based LEDs and solar cells.
We also reveal that the mechanism responsible for dissociation of
transition dipoles is dependent on their orientation in internal electric
field under device-operating condition, which will consequently lead to
polarization effect of steady-state photoluminescence and photocurrent.
It opens new opportunities to further improve the light-emitting and
photovoltaic performance by manipulating the polarization of excited
states in OIHP optoelectronic devices through controlling domain
geometry.

In this work, we investigate the polarization effect of transition di-
poles on photoluminescence and photocurrent in OIHP thin-film de-
vices by utilizing linearly polarized photoexcitation with distinct or-
ientations under device-operating conditions at room temperature. In
our studies, the p- and s- polarized photoexcitation is provided by lin-
early polarized 405-nm laser, generating the p- and s- polarized tran-
sition dipoles in OIHP layer, respectively. The p-polarized transition
dipoles are vertical-oriented, parallel to the built-in field, while the s-
polarized transition dipoles are horizontally-oriented, perpendicular to
the built-in field. A negative bias is then applied to the device to en-
hance the built-in field, which facilitates the charge dissociation of
excited states and consequently suppresses the radiative recombination.
It is observed that horizontally and vertically polarized transition di-
poles lead to distinct bias-dependent photoluminescence and photo-
current curves under identical excitation intensity, of which the first
derivatives reflect the field-induced dissociation enhancement. We
found vertically p-polarized transition dipoles encounter larger charge
dissociation compared to horizontally s-polarized transition dipoles
under identical electric field, which is implied consistently by both bias-
dependent PL and photocurrent measurements. The distinct dissocia-
tion rates indicate that transition dipoles can maintain their photo-in-
duced polarization in MAPbBrj; film until they are dissociated into free
charge carriers, and the dissociation is dependent on the polarization
orientation with respect to the internal electric field. Moreover, it is also
observed that the field-induced PL quenching is decreased when in-
creasing photoexcitation intensity for both p- and s- polarized photo-
excitation. This observation implies that there is a cooperative inter-
action between transition dipoles of increased density that favors light
emission but infavors charge dissociation. This provides a critical un-
derstanding on why OIHPs can function as efficient photovoltaic and
light-emitting materials at low and high excitation intensity, respec-
tively. As has been widely reported that orientation of the transition
dipole moments of an excited state is an critical factor influencing the
performance in organic optoelectronic devices [33,34] and density-
dependent excited-state behaviors are also significant topics in both
photovoltaic and light-emitting devices. However, the polarization ef-
fects on optoelectronic behaviors in device-operating condition has
never been clarified in OIHP devices. Our observations support the
existence of polarized transition dipoles and their orientation-depen-
dent impacts on photoluminescence and photocurrent in MAPbBr3. Our
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work provides fundamental understandings in polarized excited states
for further optimize performance of OIHP applications.

2. Experiment section
2.1. Device fabrication

The MAPbBr3 perovskite precursor were prepared by dissolving lead
bromide (PbBr,, 99.98%, Alfa-Aesar), methylammonium bromide
(MABr, 98%, Sigma-Aldrich) in a mixture solvent of N, N-di-
methylmethanamide (DMF): dimethyl sulfoxide (DMSO) (7:3, v/v). The
resulting solution was filtered using a polytetrafluoroethylene syringe
filter (0.2 um) before deposition. The devices in this work were fabri-
cated with a structure of ITO/TiO,/PEI/MAPbBr3;/PFO/MoO3/Au. The
TiOx was deposited by spin-coating a diluted precursor (Titanium(IV)
isopropoxide in isopropanol) onto the pre-cleaned ITO glass at
3000 rpm for 30 s followed by 450 °C annealing for 30 min in an oven in
air condition. The PEI (polyethyleneimine solution, 50 wt% in H,O,
Sigma-Aldrich) was diluted in anhydride isopropanol with 0.02 wt%
and spin-coated on top of the TiO, layer for surface modification at
5000 rpm for 60 s. Sequentially, the perovskite precursor solution was
coated onto the substrate via a consecutive twostep spin-coating pro-
cess at 1000 and 3000 rpm for 10 and 60s, respectively. During the
second spin step, 100 puL of toluene was deposited onto the substrate.
The resulting films were then annealed at 90 °C for 5min for better
crystallization. After cooling to room temperature, PFO solution
(10 mg ml~! in chlorobenzene) was spin-coated at 3000 rpm for 30s as
the hole transport layer. MoO3 (10 nm) and Au electrodes (100 nm)
were deposited using a thermal evaporation system through a mask
under a high vacuum of less than 10~7 Torr. All devices were tested
under ambient condition with encapsulation.

2.2. Photoluminescence measurements

The steady-state PL spectra were measured using Horiba Fluorolog
system. The bias dependent PL was performed by illuminating the
samples with 405-nm laser followed with optical lens and collected by a
photodetector (Horiba). The 405-nm laser was followed by neutral filter
1, a polarizer and a half-wave plate. And the photodetector was placed
behind a long-pass filter and neutral filter 2 in a position away from the
reflected beam. The neutral filter 1 and 2 were used to adjust the
photoexcitation intensity and protect the photodetector, respectively.
The polarizer is used to ensure the excitation beam linearly polarized
and the 495-nm long-pass filter (Thorlabs) is used to filter the 405-nm
excitation beam so that the detected signal contains only 537-nm PL. By
rotating the half-wave plate, the incident light could be switched be-
tween p- and s- polarized, where s-polarization was perpendicular to the
incident plane and p-polarization was parallel to and in the incident
plane. Notably the PL spectrometer was not an option in polarization
dependent photoluminescence measurement because the gratings in the
spectrometer was also polarization dependent. The PL lifetimes of
transition dipoles under p- and s- photoexcitations were measured by
using the time correlated single photon counting (TCSPC) system and
anisotropy mode integrated in Horiba Fluorolog system with the
405 nm nanoLED excitation.

3. Results and discussion

The experiment setup is shown in Fig. 1. The built-in field comes
from the difference in the work functions between two electrodes,
pointing from ITO to MoO3z/Au. A 405-nm laser is used as the linearly
polarized photoexcitation, of which the polarization orientation can be
switched between p and s. The p-polarized light, as shown in Fig. 1a,
with the polarization parallel to the incidence plane YZ, will generate p-
polarized transition dipoles with the orientation approximately parallel
to the built-in field (V};), while the s-polarized light, with the
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Fig. 1. Geometry for (a) p- and (b) s-polarized photoexcitation. The green
arrow shows the incident light. The double-end arrows on the incident light
show the polarization of photoexcitation, (a) the black for p- polarization and
(b) the red for s- polarization respectively. The yellow double-end arrows in the
devices show the orientation of photo-induced polarized transition dipoles.

polarization perpendicular to the incidence plane YZ, will generate s-
polarized transition dipoles with the orientation perpendicular to the
built-in field (V4;) (Fig. 1b). To explore the response of p- and s- tran-
sition dipoles, such as charge dissociation, radiative recombination and
polarization relaxation, under device-operating condition, the PL in-
tensity and photocurrent density as a function of external bias were
measured in the OIHP devices with the architecture of ITO/TiO,/PEl/
MAPbDBr3/PFO/Mo0Os/Au. The direction of the external bias is the same
as the built-in field, so the total electric field in the device will be en-
hanced. In order to exclude the reflection difference between p- and s-
polarized oblique incidence, the actual photoexcitation intensity which
transmitted to the perovskite layer was calculated in the multilayered
device based on Fresnel Equation [35,36].

To investigate the radiative recombination and dissociation of p-
and s- polarized transition dipoles, PL intensity of the MAPbBr; layer
was monitored as a function of applied bias under p- and s- polarized
photoexcitation. Here, to study the field-induced PL quenching, the
reduction of the PL intensity, namely ®p;, under bias — V was defined
as

Ppr (V) = O 5 100% o
where Ip; (V) is the PL intensity under negative bias -V (V> 0) and
Ip. (0) is the PL intensity under zero bias, or short-circuit condition of
the device. As can be seen in Fig. 2a, ®p;, (V) increases when the ab-
solute value of negative bias increases. It is known that negative bias
will suppress the PL intensity due to the field-enhanced charge dis-
sociation, therefore the slope (0®p;/dV) of non-saturated region in-
dicate the relative magnitude of field-induced charge dissociation
[37,38]. An external bias ranged from —1 to 0V was applied to the
device while the PL change percentage was monitored, as shown in
Fig. 2a. The slopes of the ®p, — V curves were calculated by linear
fitting. Under 100 mW cm ~ 2 photoexcitation, the p-polarized excitation
leads to a larger slope (0.54) than the s-polarized one (0.40), while
under 400 mW cm ™~ 2 photoexcitation, the difference between p- and s-
slopes became much smaller. Before further discussion, it should be
noted that the photoexcitation intensities mentioned here are the total
incident power, the actual transmitted power is required to compare p-
and s- slopes under the same excitation intensity. The transmission of
multilayered devices can be calculated by using the Fresnel Equation.
For MAPDbBr3, with refractive index n = 2.2 [39], the calculation pre-
dicts a transmission of 75.96% and 50.60% for p- and s- polarized light,
respectively, when the incident angle is 80°. As a result, in the case of
100, 200, 400 and 800 mW cm ™2 incident laser intensity, the actual
photoexcitation  intensities are  75.96, 151.92,  303.84,
607.68 mW cm 2 for the p-polarized excitation, and 50.60, 101.20,
202.40, 404.80 mW cm ~ 2 for the s-polarized excitation. Consequently,
the p- and s- slopes as a function of actual photoexcitation intensity are
shown in Fig. 2b. Two phenomena are observed.

Firstly, we observe that the transition dipoles generated by the p-
and s- polarized photoexcitation show distinct field-induced dissocia-
tion rates. The p-polarized transition dipoles always encountered a
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Fig. 2. (a) PL reduction @p; as a function of V, where V > 0 is the absolute
value of the negative bias -V, under 100 mW cm ~2 and 400 mW cm ~ 2 photo-
excitation intensity using 405-nm laser as the polarized photoexcitation. The
dots are experimental data, and solid lines and corresponding slopes are linear
fitting results. (b) The slopes (8®p./dV) as a function of excitation intensity for
p- and s- polarized photoexcitation. The dots are ®p;, — V slopes extracted from
measured data under different excitation intensities, and the solid lines are
guide lines.

larger field-induced dissociation compared to s-polarized transition
dipoles under the same excitation intensities. Based on the orientation
of p- and s- polarized transition dipoles as shown in Fig. 1, It can be
concluded that the polarization orientation plays a significant role in
field-induced charge dissociation, which is an evidence that polarized
transition dipoles, or photo-induced polarization, exist in polycrystal-
line MAPbBr; films during the development of PL. Important issues,
such as physical origins of polarization memories or polarization loss
during electron relaxation, will be clarified later.

Secondly, a decrease on field-induced PL quenching can be observed
for both p- and s- polarized transition dipoles with increasing excitation
intensity, which has also been observed in our previous study [40]. It
provides the evidence that the field-induced charge dissociation is
highly dependent on the density of excited states in OIHPs. At higher
density, the cooperative interaction between transition dipoles leads to
an enhanced dipole-dipole interaction, which favors light emission and
infavors charge dissociation, according to Fig. 2b. Therefore, both p-
and s- polarized transition dipoles show decreasing field-driven dis-
sociation under high excitation intensity. The decreasing field-induced
charge dissociation rate suggests the existence of cooperative interac-
tion between excited states to suppress charge dissociation at high ex-
citation density, which can be supported by the high PL quantum ef-
ficiency observed in solid-state perovskites [41,42].

To verify the field-induced dissociation of p- and s- polarized tran-
sition dipoles, the photocurrent was probed along with PL. As shown in
Fig. 3a, it can be observed that the dark current (grey line), or injected
current, is close to zero under bias range between 0 and —2V, so the
total current J can be considered equal to the photocurrent in further
discussion. To clearly show the charge dissociation of polarized tran-
sition dipoles under electric field, the change of photocurrent as a
function of negative bias is shown in Fig. 3b. Photocurrent change
@; (V) under bias — V is defined as

IW=TO « 100%

Dy (V) = 70) @)
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Fig. 3. (a) Photocurrent (J) and (b) photocurrent change (®;) as a function of V'
(V> 0 is the value of the negative bias -V). (¢) The slopes (3®;/dV) as a
function of excitation intensity for p- and s- polarized photoexcitation, in which
the dots are @; — V slopes at 2V negative bias under distinct excitation in-
tensities and the solid lines are guide lines.

where J (V) is the photocurrent density under bias — V (V > 0) and J (0)
is the short-circuit current density. It can be seen that the p-polarized
excitation always exhibits a higher @; than the s-polarized excitation
with the same intensity. The slopes of &; — V curves, or 0®;/dV, reflects
the field-induced charge dissociation. To verify the field-induced charge
dissociation behavior under the same actual excitation intensity, the
slopes versus the actual excitation intensity under a negative bias of 2V
is shown in Fig. 3c. Clearly, Fig. 3c shows consistent results with Fig. 2b
that p-slopes are larger than s-slopes, implying that the quenched
emissive excited states dissociates into free charge carriers which gives
rise to the photocurrent. When excitation intensity increases, the
magnitude of field-induced photocurrent enhancement is decreased,
implying the decreased field-induced dissociation rate due to the co-
operative interaction at increased density of transition dipoles.

The PL lifetimes were also measured under device-operating con-
dition for p- and s- polarized excitations, respectively, to show their
distinct field-induced radiative recombination of transition dipoles. The
average PL lifetimes, <7>, of p- and s- transition dipoles are calculated
and summarized in Table S1 in supporting information. To explicitly
demonstrate the field-induced decay, we present the PL intensity dif-
ference when the negative bias changes from 0 to 1 V. The PL intensity
change AI is defined as AI = (Iy—1 — Iy—o)/Iy=o, where I,_; and I,_, are
the PL intensities when the negative bias is 1 V and 0 V, respectively, as
shown in Fig. 4. It is observed that PL lifetime of p-polarized dipoles
shows a much larger field-induced decay than s-polarized dipoles,
which indicates that the dissociation of p-polarized dipoles are more
responsive to the electric field than the s-polarized dipoles. Before
further discussion, it is critical to be aware of the timescales of exciton
dissociation, polarization relaxation and radiative. The timescale of
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Fig. 4. PL decays of p- (black) and s- (red) polarized transition dipoles in
MAPbBr; devices were measured under 0 V and —1 V. The intensity difference
(AI) of PL is defined as AI = (Iy—_; — Iy—¢)/Iy—¢, where I,__; and I,_, are the PL
intensities under —1V and 0V, respectively.

polarization relaxation in OIHP thin film ranges from several to
150 ps at room temperature [17,18,32]. Besides, it has been reported in
MAPbDBr; that exciton dissociation is in sub-picosecond timescale [43],
and radiative combination is in nanoseconds [44]. In this study, the PL
lifetime of MAPbBr; is measured to be 106 ns and 36 ns in bulk per-
ovskite films and in devices, respectively, using time-resolved PL
measurement (see Fig. S1 and Table S1, in the Supporting Information).
Therefore, the polarization relaxation is considered to happen faster
than radiative recombination and slower than exciton dissociation.
Consequently, p- and s- polarized transition dipoles encounter different
dissociation rates, which leads to different PL emission. On the other
hand, photo-induced polarization, due to its picosecond-timescale re-
laxation, is in electronic polarization regime with a frequency of
10'° Hz. We can see that photo-induced electronic polarization is con-
sequently converted to dielectric polarization at dipolar polarization
regime in device-operating condition, which has much more significant
impact on device performance. The conclusion was proved by the ob-
servation that p- and s- transition dipoles lead to distinct PL and pho-
tocurrent outputs. Structure asymmetry in OIHP films provides the
origins for this conversion. Interestingly, we did not observe a polarized
emission in steady-state PL measurement. This means that the transi-
tion dipoles have become randomized when radiative recombination
occurs. Clearly, the PL lifetime measurements provide a deeper insight
that transition dipoles are the microscopic origins of polarization ef-
fects.

The orientation effect of transition dipoles is of great significance
and broad implications for improving the performance of perovskite
applications such as solar cells and LEDs. It has been reported theore-
tically and experimentally that horizontally polarized transition dipoles
results in higher outcoupling efficiency as compared to vertically po-
larized transition in thin-film LEDs [33,34]. For example, as the ratio of
horizontal transition dipoles increases from 0.67 to 0.78, the EQE of Ir
(ppy)s based OLEDs increases significantly from 26.3% to 32.3% [34].
To evaluate the ratio of vertical transition dipoles in MAPbBr; LEDs, we
measured the edge emission of electroluminescence (EL) and observed
a polarization degree of 0.22 (see Fig. S2, in the Supporting Informa-
tion). It indicates that vertically polarized transition dipoles lead to
significant energy loss in perovskite LEDs due to edge emission. Our
results reveal that polarizing transition dipoles is promising to improve
the performance of perovskite LEDs by reducing the ratio of vertical
transition dipoles. The EQE can be improved by 50% if all transition
dipoles are horizontally oriented instead of random orientation (see
Note S1, in the Supporting Information). For the solar cells, on the
contrast to LEDs, an alternative method to improve the efficiency is to
increase the ratio of vertical transition dipoles, due to the larger field-
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induced dissociation of p-polarized transition dipoles as shown in
Fig. 3c. The efficiency of perovskite solar cells could be improved by
18.2% if all transition dipoles are vertically oriented instead of random
orientation (see Note S2, in the Supporting Information). Therefore, the
orientation of transition dipoles has a direct impact on the performance
of IOHP applications. Many works have shown that the orientation of
transition dipoles is associated with domain geometry in polycrystalline
IOHP films which can be controlled by post treatments [31,45-47].
These works provide feasible methods to improve the device perfor-
mance based on our results.

It is necessary to clarify two issues in observed phenomena before
proposing the mechanism. Firstly, transient polarization memory,
which originates from structural asymmetry, was observed in MAPbBr3
despite of its symmetric cubic lattice. Secondly, polarization effects on
PL and photocurrent was observed despite of the polarization loss due
to above-bandgap photoexcitation. It is known that transient polariza-
tion memory is based on structural anisotropy in hybrid perovskites
[17,18]. In polycrystalline MAPbBr; thin films, despite of intrinsic
cubic lattice in nanoscale grains, the distortion of local crystal lattice,
due to the defects at grain boundaries, contributes to structural asym-
metry and could acts as the origin of transient polarization memory.
Besides, the soft-disordered methylammonium sublattice if crystal
grains also contributes to the structural asymmetry [48]. Rivett and
coworkers reported in their recent work that there is strong coupling
between local anharmonic lattice dynamics and optical properties of
electronic states in these materials, which enables dynamic structural
anisotropy and consequently leads to polarization anisotropy [32].
They showed polarization anisotropy in MAPbBr3; bulk films, which is
confirmed by our observations. Their work also mentioned the polar-
ization loss issue in lead halide perovskites when utilizing above-
bandgap photoexcitation. In our work, a 405-nm laser (3.1 eV) was
applied to excite MAPbBr3 with 2.3 eV bandgap. It is expected that the
polarization memory can be hardly maintained in MAPbBr; films due to
significant polarization loss when electrons relax from higher energy
level to the bottom of the conduction band. However, it should be
emphasized that in our study, the PL and photocurrent under p- and s-
polarized photoexcitation was measured under device-operating con-
dition, which is significantly different from the bulk-film condition in
the above work. Localized dynamic polarizations from charged defects
and ions will interact with photo-induced polarization, and conse-
quently accelerates the relaxation of polarization. Under the electric
field in device-operating condition, localized dynamic polarization can
be partially frozen and consequently reduce the polarization loss. These
results are very significant for further designing perovskite-based pho-
tovoltaic and light-emitting applications.

We propose that vertically p- and horizontally s- polarized transition
dipoles experience distinct field-induced dissociation rates under the
influence of electrical field at device-operating condition. However,
when photoexcitation intensity increases, the established cooperative
interaction between transition dipoles can decrease the field-induced
dissociation rates for both p- and s- polarized transition dipoles (as
shown in Figs. 2b and 3c). As shown in Fig. 5, when the p- and s- po-
larized photoexcitation is applied, the p- and s- polarized transition
dipoles are generated correspondingly. Compared to s-polarized tran-
sition dipoles, the p-polarized transition dipoles encounter larger field-
induced dissociation due to the orientation parallel to the electric field,
leading to larger field-induced PL quenching and larger photocurrent
enhancement. The experimental observations provide the evidence that
photo-induced polarization does exist during the development of PL
and photocurrent. Noted that polarized transition dipoles experience
three dominative processes in this phenomenon: (1) charge dissocia-
tion, (2) radiative recombination and (3) polarization relaxation. As we
presented in this study, the timescales of charge dissociation, polar-
ization relaxation and radiative recombination are sub-picoseconds
[43], several to 150 ps [17,18,32], and 106 ns (see Fig. S1, in the
Supporting Information), respectively. The increased density of
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Fig. 5. Field-induced dissociation and radiative recombination of p- and s-
polarized transition dipoles in electric field.

transition dipoles under higher excitation intensities enhances the di-
pole-dipole interaction. The enhanced cooperative interaction de-
creases the field-induced dissociation rates, or increases the dissociation
time equivalently, leading to decreased PL quenching and decreased
photocurrent enhancement under higher excitation intensity. This
provides a critical understanding on why organic-inorganic hybrid
perovskites can function as efficient photovoltaic and light-emitting
materials at low and high excitation intensity, respectively.

4. Conclusions

In this work, we presented that in the perovskite (MAPbBr3) devices
the photo-induced horizontally and vertically polarized transition di-
poles experience distinct field-induced dissociation rates under device-
operating condition. The vertically p-polarized transition dipoles, with
orientation parallel to the electric field, lead to a larger field-induced PL
quenching compared to horizontally s-polarized transition dipoles, with
orientation perpendicular to the electric field. This experimental ob-
servation indicates that photo-induced polarization can indeed exist
during the development of photocurrent and PL in OIHP devices. It also
proved that the photo-induced electronic polarization at high-frequency
regime can be converted to photoinduced dielectric polarization at di-
polar polarization regime and consequently influences the device per-
formance. Structural asymmetry in the bulk film provides the necessary
condition to realize from photoinduced electronic polarization to pho-
toinduced dielectric polarization at dipolar polarization regime. When
increasing photoexcitation intensity, the cooperative interaction be-
tween transition dipoles can decrease their field-driven dissociation
rates, leading to reduced PL quenching and photocurrent enhancement
in OIHP devices. This work provides not only critical understandings on
why OIHPs can function as efficient photovoltaic and light-emitting
materials at low and high excitation intensities, respectively, but also
experimental guidelines for further optimization of OIHP optoelectronic
applications.
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