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Abstract

Metal halide perovskites are generating enormous interest for their use in solar cells and light-
emission applications. One property linking the high performance of these devices is a high
radiative efficiency of the materials; indeed, a prerequisite for these devices to reach their
theoretical efficiency limits is the elimination of all non-radiative decay. Despite remarkable
progress, there exists substantial parasitic non-radiative recombination in thin films of the
materials and when interfaced into devices, and the origin of these processes is still poorly
understood. In this perspective, I will highlight key observations of these parasitic pathways on
both the macro- and micro-scale in thin films and full devices. I will summarize our current
understanding of the origin of non-radiative decay, as well as existing solutions that hint at facile
ways to remove these processes. | will also show how these non-radiative decay pathways are
intimately related to ionic migration, leading to the tantalizing conclusion that eliminating one

phenomenon could in turn remove the other, ultimately pushing devices to their theoretical limits.
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Metal halide perovskites are crystallized from organic and/or inorganic salts into the ABX3
structure, where A is a cation (methylammonium, MA; formamidinium, FA; cesium, Cs, or
mixtures'), B a metal cation (typically Pb), and X a halide (Cl, Br, I, or mixtures). Perovskites
offer simple bandgap tunability by changing the composition? and low-temperature processability.
These materials defy conventional wisdom in that they have moderate defect densities yet retain
excellent optoelectronic properties including sharp absorption edges® and long charge carrier
diffusion lengths*. Over the last 7 years, we have witnessed a meteoric rise in the power conversion
efficiency (PCE) of perovskite solar cells from 3.5% to 22%> ¢, which is now comparable to record
efficiencies of commercial thin-film PV technologies but still lower than record crystalline silicon

(c-S1) devices. While PV cells convert light into electrical power, light-emitting diodes (LEDs)



operate in the reverse by transforming electricity into emitted light through electroluminescence
(EL). Recent reports of emissive and colour-tunable perovskite bulk films’, nanocrystals®!? and
nanoplatelets!! are particularly promising for LEDs!?, with external quantum efficiencies (EQEs)
of NIR LEDs now reaching ~12 %" 1> 14,

Despite rapid progress, perovskites are still far from their full potential. The emission quantum
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efficiencies in state-of-the-art materials are far from unity under solar conditions
in wide-bandgap mixed-halide perovskites'” !®. This suggests that defects are still not entirely
benign. Devices also show poor luminescence indicating that there is further non-radiative
recombination at the contacts!”. Any non-radiative recombination impairs charge density build-up
and limits open-circuit voltage. Thus, an essential condition for PV and LED devices to reach their
efficiency limits is the elimination of all non-radiative recombination?’.

In this perspective, I will summarize the key observations of non-radiative losses in perovskite
materials and devices such as solar cells and light-emitting diodes, and review our current
understanding of the origins of these parasitic recombination pathways. I will highlight some of
the reported methods to reduce the fraction of non-radiative recombination in these materials,
methods which are as yet imperfect but hint at routes towards defect-free bulk and surfaces. I will
also propose the connection between non-radiative decay and transient phenomena in these
materials such as ionic migration, suggesting tantalizing common solutions to both. A thorough
understanding of the origin of these phenomena will alone lead to rational solutions to their
elimination, and ultimately yield device performances approaching theoretical limits.

An excellent solar cell should also be an excellent LED?!. This seemingly counterintuitive concept

can be understood by considering recombination of charge carriers at open-circuit in a solar cell.

To build up a large open-circuit voltage, we need to maintain a high photo-excited charge carrier



density. Photo-excited electrons and holes in an ideal semiconductor will eventually recombine
(radiatively) by emitting a photon. However, any non-radiative recombination will result in
additional parasitic recombination pathways of carriers to lower-energy states, leading to lower
quasi-Fermi levels and effective charge densities and, ultimately, lower open-circuit voltages. A
good analogy for voltage losses from non-radiative decay is a ‘leaky’ dam, where parasitic leak
(loss) pathways will impair our ability to maintain the water level (voltage) at its highest possible
level.

However, it is not only the internal luminescence efficiency that must be optimized. The maximum
thermodynamic potential difference between the ground and excited states of any photochemical
system is when photon absorption and emission are balanced??. In order to incur minimal losses,
the external luminescence from a solar cell device must be equal and opposite in rate, direction
and solid angle to incoming sunlight from a point source. Due to the narrow escape cone for light
from a device, particularly for materials which have a moderate refractive index (including GaAs
and perovskites®), efficient external luminescence requires repeated escape attempts through
multiple absorption and re-emission photon recycling events?* and an internal luminescence
efficiency approaching 100%2% 5.

The reciprocity relationship, first proposed by Rau?!, allows the measured device Vy: to be

non-rad

formulated in terms of a non-radiative voltage loss AV from the maximum achievable

voltage after unavoidable thermodynamic losses Vi by:
Vo = VR = V"™ = Vg — L infgo]l (1)
where k is the Boltzmann constant, 7" the temperature, ¢ the charge of an electron and niep the

external quantum efficiency of the device operating as an LED. It is noted here that niep is closely

related to the external radiative efficiency (ERE) of a device?® ?’. This relation allows the open-



circuit voltage to be derived from the luminescent properties of the same device. Analogous
relations allow the short-circuit current to be determined from the electroluminescent emission.
Thus the key PV parameters can be derived from the electroluminescent properties of the device.

The measured open-circuit voltages of a variety of PV technologies are shown in Figure 1, along
with the components of non-radiative loss (red) from the thermodynamic limits obtained from the
Shockley-Quiesser limits. These non-radiative losses arise from, among others, defects (charge
carrier traps) in the bulk materials, additional recombination pathways or defects when the material
is interfaced with device contacts, poor external light out-coupling, many-body effects such as
Auger processes, and, in the case of silicon, recombination via an indirect bandgap. The most
efficient single junction PV devices to date are made from GaAs (power conversion efficiency of
28.8%), which has been shown to have internal luminescence quantum efficiencies >99 %2*, with
external radiative efficiency of 32.3%? and less than ~40 mV of non-radiative loss*’. On the other
extreme, organic photovoltaics (OPV) have poor external radiative efficiencies (~10° %) owing
in part to high defect densities and losses at exciton dissociation heterojunctions, and thus suffer
from substantial non-radiative losses (~400 mV)*. A clear pathway to improving many of the

technologies is by eliminating all non-radiative losses.
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Figure 1. Open-circuit voltages and losses for best-in-class solar cells for a variety of PV
technologies. The measured V. is in black, the non-radiative loss from the maximum possible
Vo™ is in red, and the unavoidable thermodynamic loss from the bandgap (Eg) is in gray. Measured
Voe values for c-Si, CIGS and GaAs devices are taken from Green et al.*°, CdTe from Burst et
al3!, OPV (PDPP3T:PC¢BM) from Yang et al.?’, (FA,Cs)PbosSnosls from Eperon et al.’?,
MAPbI; from Momblona et al.*3, (MA,FA,Cs,Rb)Pb(IosBro2); from Saliba et al.**, and
(FA,Cs)Pb(Io.6Bro.4)3 from McMeekin et al**. The V5&2* values in the Shockley-Queisser limit were
computed from detailed balance calculations based on step-function absorptances with onset at the
material bandgap, and the AM1.5 solar spectrum. Note that the non-radiative loss AVZS"T2d
defined here will also include a component of loss accounting for the deviation of the absorptance

profile for a solar cell material from the ideal step-function®.

Recent reports of perovskite devices have shown remarkably low voltage losses, which is
consistent with reasonable external electroluminescence quantum efficiencies®* 3. Saliba et al.

recently reported devices with quadruple cation perovskites (MA, FA, Cs and Rb), yielding an



impressive voltage of 1.24 V, which is only ~120 mV shy of the radiative limit**. This high voltage
is in line with the measured external EL efficiency of 3.8 %. However, the logarithmic relationship
between voltage and luminescence efficiency from Eq. 1 means that removing even this small final
voltage loss will require an increase in the luminescence by at least a factor of 25'% 3%, These losses
are even more substantial in the wider band gap perovskites achieved with larger fractions of
bromide!” ¥ 37 (~260 mV). Despite remarkable progress, there is still work to be done to
ameliorate all non-radiative losses to push them to their limits.

These losses are particularly evident when considering the PL quantum efficiency (PLQE) of the
neat perovskite materials'> . The external (measured) PLQE Mmeas of a polycrystalline thin film
of MAPDI; is shown in Figure 2a (black squares). The internal PLQE values n (red circles) are
calculated using the relationship presented by Richter et al. in which we account for the losses
from photon recycling and poor light outcoupling from a perovskite/air and perovskite/glass

interface:

n= [n’)& +(1- nesc)]_l (2),

meas

where nesc =12.7% is the escape probability of a photon from a bare MAPbI3 perovskite film on
glass for this given film thickness*. It is important to note the significant difference between the
external and internal values, and care needs to be taken to account for outcoupling differences
when comparing the external luminescence measurements of films. The luminescence efficiency
increases as the excitation density increases and saturates at high charge density. This trend is
generally attributed to a filling of sub-gap trap states with photo-excited carriers!®, with the
excitation-dependent effects reaching a plateau at high excitation densities corresponding to > 10
sun-equivalent'®. At intensities equivalent to 1 sun illumination, there are still substantial losses

from internal non-radiative decay processes even in the highest quality films.
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Figure 2. (a) External and internal PL quantum efficiency as a function of excitation power of a
thin film of MAPDI; prepared via a PbCl, route on glass. The approximate monomolecular (trap-
assisted) and bimolecular recombination regimes are marked. (b) Recombination rate dn/d¢ as a
function of charge density n for MAPbI; films as extracted from transient absorption
measurements. Solid lines are guides to the eye to highlight the different recombination regimes.
Reproduced with permission from Nature Publishing Group?®. (c) Time-resolved PL kinetics for
the same thin film of MAPbI3 from a), photo-excited with various pulse fluences. Black, blue and
gray are with excitation densities equivalent to ~10'°, ~10'®, ~10!7 excitations per cm?,
respectively. The schematics represent the dominant recombination regime in each case. Adapted
with permission from the American Physical Society'®. (d) Confocal PL intensity map of a film of
MAPDI; clearly showing emission heterogeneity. Adapted with permission from Nature

Publishing Group™’.



The various recombination processes of charge carriers can be summarized in a simplified way as:

_% = kln + kznz + k3n3 (3),

where 7 is the charge density, k1 is a rate constant representing monomolecular channels such as
trap-assisted recombination, k> is the bimolecular band-to-band recombination rate constant and
ks is the third-order Auger recombination constant'®3% 4’ These regimes can be seen as a function
of charge density n in Figure 2b, which shows the kinetics extracted using transient absorption on
thin films of MAPbI5*®. In Figure 2c, the time-resolved PL kinetics from a similar film when photo-
excited with a pulsed source with different fluences is shown!S. At low excitation densities in
which there are unfilled trap states, the PL kinetics are dominated by pseudo-monomolecular
channels governed by the concentration of minority untrapped carriers (electrons) whose
population is affected by trap-assisted recombination. At higher fluences when the traps are filled,
there are comparable numbers of free electrons and holes, resulting in bimolecular-dominant
kinetics. The transition between the monomolecular and bimolecular regimes is an approximation
for the trap density'®, which in the case of the films shown here is Nt ~ 10'¢ cm™.

Although the decay of carriers can be governed by a range of processes, it is emphasized that the
radiative recombination events are governed by bimolecular recombination of free electrons and
holes for both MAPbI; and MAPbBr3, as was shown recently by Richter et al using complementary
transient absorption and photoluminescence data®®. The fact this process involves recombination
of free electrons and holes is consistent with the low exciton binding energies (~5-25 meV*!: 4?)
reported for these three-dimensional perovskites at room temperature. Combining PL
measurements (probing radiative pathways) with other time-resolved measurements such as

microwave conductivity (probing recombination of mobile carriers) and transient absorption



(probing recombination pathways of all species with optical signatures) is a powerful approach to
elucidate behavior of charges that do not contribute to radiative events such as the recombination
of free holes after trapping of electrons'>*3,

Nevertheless, even in the bimolecular-dominant regime where the luminescence reaches its
maximum, the internal PLQE value plateaus at ~70%, suggesting that there is still non-radiative
decay. This could be in part due to the onset of competing non-radiative Auger processes.
However, Richter et al. recently proposed that the bimolecular rate constant is not purely radiative
and in fact has a non-radiative component which is not removed from trap filling. The nature of
this non-radiative bimolecular decay pathway is unclear but it will be a topic of future intense
interest in the community as it may hold the key to closing the final voltage losses.

The non-radiative losses in MAPDI; films can be visualized by considering the microscale

photoluminescence properties** 4

, as shown in the photoluminescence map overlaid over a
scanning electron microscope (SEM) image in Figure 2d. There is substantial heterogeneity in
microscale emission, with a large fraction of ‘dark’ grains, consistent with a spatial heterogeneity
in trap density*®. These PL intensity heterogeneities are also reflected in PL lifetimes, with the
dark grains typically exhibiting fast non-radiative decay components while the brighter grains
show much longer lifetimes; these decays converge as the excitation fluence is increased to fill the
traps**. The spatial heterogeneities have also been observed in excited state relaxation kinetics*’,
trap-related blinking*®, and charge carrier diffusion length?’; the latter is a quantity which is
intrinsically related to the charge carrier lifetime extracted from PL lifetime measurements® >°.
Initial time-resolved PL studies suggested that the grain boundaries are also regions of faster non-

radiative decay** which affect carrier mobility®'. However, several recent studies have suggested

that grain boundaries are benign for charge carriers®>>?. This an important ongoing debate, further
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complicated by the fact that grain boundary recombination will likely depend sensitively on a
number of factors including sample processing route, grain size, and illumination conditions.

Spectroscopic measurements of the films are powerful in revealing the non-radiative decay losses,
allowing an optically-implied (internal) open-circuit voltage to be predicted'”. However, full
devices show poor luminescence efficiencies indicating that there is also substantial non-radiative
recombination at the contacts'® as well as poor external light coupling, which must also be
resolved. Indeed, the microscale spatial heterogeneity is also seen in the photocurrent and open-
circuit voltage in solar devices®*>’. Curiously, Eperon et al found an anticorrelation between grains
bright in photoluminescence and those grains efficient in charge collection. This seemingly
counterintuitive finding reveals that the performance of even the state-of-the-art solar cells is still
limited by losses at the contacts. In the ideal cell at short-circuit, the luminescence should be
substantially quenched but at open-circuit the PL quantum efficiency should be maximised with
an external PLQE approaching 100%2°. The recent results by Saliba et al. showing high external
luminescence quantum efficiencies suggests that the interfaces in the multiple cation systems are
superior and the final gains might be achieved by further optimizing the perovskite material itself.
The precise nature of the traps in the neat materials is still unclear®®. There is mounting evidence
to suggest that it is the electron that is trapped™” *°, though additional hole traps cannot be ruled
out. We can extract approximate trap densities leading to the pseudo-monomolecular decay
component using the kinetic trap model (Fig. 2c), with calculated densities typically ~10'°-10'¢
cm™ in polycrystalline thin films, corresponding to around one in a million unit cells containing a
defect!® 4361 The trap densities are comparable to high quality organic materials®? but higher than
other PV thin film technologies such as copper indium gallium selenide (CIGS) (~10" ¢cm)%,

and much higher than perovskite single crystal embodiments (~10°-10'? cm™)%* % and other highly
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crystalline semiconductors such as c-Si (as low as 10® cm™)%. The reasonable operation of
perovskite devices even with moderate defect densities suggests that their electronic behavior is
remarkably defect-tolerant compared to other semiconductors. This could be partly because the
charged carrier, once trapped, fills the trap for a very long time (~10-100 ps) before recombining
with a free carrier of the opposite polarity'® ¢°. This slow recombination of trapped carriers could
arise because the traps in perovskites are, at least in part, related to ionic charged defects®’, and
charged trapped carriers could therefore be screened from recombination. The fact the trap-
mediated recombination is slow helps to rationalize the high observed open-circuit voltages in
perovskite solar cells despite such moderately high defect densities®.

For MAPDI;, a large proportion of the chemical defects in the 1.6 eV materials introduce trap states
that are predominantly within the conduction (CB) and valence bands (VB) and therefore many
defects are benign®’- 8. For the larger bandgap perovskites, these defect states would shift into the

18, 69

sub-gap region and likely have more impact on trapping charge carriers'® *”, which could explain

the more substantial non-radiative decay in those compositions!? '3

, particularly towards the blue
bandgaps'® ¥ . For certain mixed halide fractions in MAPb(I;«Bry)3, there are additional
parasitic losses introduced from photo-induced segregation into lower-bandgap iodide-rich trap
states that quench excitations’!. These wide bandgap absorbers/emitters are particularly important
for colored LEDs and perovskite-perovskite tandems*> and so will become a topic of intense focus
in the near future. The lower-dimension layered and nanocrystal perovskite analogues are also
generating enormous interest, and the defect chemistry and charge carrier recombination pathways
in these materials, which have sizeable exciton binding energies, will continue to be important

ongoing topics'* 7274,

12
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Figure 3. PL enhancements achieved through (a) surface passivation, (b) light illumination
with (c) related ionic motion, and (d) lowering temperature. (a) Time-resolved PL decay traces
of control (black) and trioctylphosphine-oxide (TOPO, red)-treated MAPbI; films on glass excited
with pulsed excitation (470 nm, 30 kHz repetition rate, 50 nJ/cm? per pulse). Reprinted from Ref.
75, (b) PL intensity of an isolated MAPbI; crystallite during light irradiation with a CW 514-nm
laser (0.3 W/cm?), with the PL micrograph and illuminated region shown in the inset. The PL
spectra are shown in the other inset indicating no spectral change during illumination. Reprinted
from Ref. 7 with permission from the PCCP Owner Societies. (c) Time-of-flight secondary ion
mass spectrometry (ToF-SIMS) image of the iodide (I') distribution summed through the film
depth on a region light-soaked with a 470-nm laser with a total photon dose of 1.2 kJ/cm?. The red

circle denotes the FWHM of the light-soaking laser, showing that iodide is depleted in the
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illuminated region and the adjacent regions are enriched in iodide. Adapted with permission from
Nature Publishing Group®. (d) External PL spectra as a function of temperature with 507-nm
excitation (~150 mW/cm?). Inset: Internal PLQE () measurements calculated from external
measurements using the approach of Richter et al*®. Adapted with permission from the American

Physical Society!'®.

There is a growing number of reports in the literature in which these non-radiative processes are
reduced, which hint at routes towards defect-free materials. These include:

1) Chemical surface treatments are a common passivation approach in semiconductor systems.
Noel et al. showed that (electron-donating) Lewis base molecules such as pyridine and thiophene
could increase the PL quantum efficiency and PL lifetime by reducing the defect density by an
order of magnitude** 7’ Eperon et al.”® and You et al.” reported that exposure of the films to
moisture during preparation or through a post-treatment was crucial in obtaining moderate
emission and device performance, suggesting that moisture could also passivate the films. These
results are consistent with recent reports on perovskite single crystals in which the surface
photoluminescence properties could be reversibly modulated by the physisorption of oxygen and
water molecules®® 8!, Recently, deQuilettes et al. demonstrated PL lifetimes increasing from ~1 ps
to ~8 ps through treatment of the thin films with tri-n-octylphosphine oxide (TOPO) ligands”
(Figure 3a). They find that the external PLQE of the treated films reach ~40 %, which converts to
an internal PLQE of ~80 % assuming similar outcoupling properties of the film to that measured
in Fig. 2a. They show that the ligands primarily bind to the film surface, suggesting that a large
density of the defects reside at the surfaces. They also find that the ligands are acting as electron

donors, potentially giving indirect evidence that the passivation proceeds through binding to
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uncoordinated cationic sites (e.g. lead). The effective use of surface treatments is consistent with
the very high PL quantum yields of perovskite nanocrystals (approaching 100% internal yields)®*
84 with surfaces well passivated by coordinating ligands.

i1) Light-soaking. Recently, we and others demonstrated that light-soaking films could achieve
similar but reversible reductions in trap density and enhancements in emission properties (Figure
3b)!6 3% 76.35 We found that these enhancements correlated with a photo-induced migration of
iodide species away from the illuminated region (Figure 3c), suggesting that the traps are
intimately related to iodide species. There is an open question about whether the traps are iodide
species themselves (e.g. interstitials®®), and the act of clearing these from the illuminated region
removes the traps, or whether they are related to the corresponding iodide vacancies, where moving
excess surface iodide through the film leads to bulk trap annihilation.

There is also not yet consensus in the field as to whether light soaking always leads to

enhancements in the emission properties or whether the process can also be detrimental to
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performance. For example, Gottesman et al.®” and Nie et al.®® found that light exposure actually
decreases the PL of the film, which recovers in the dark. The conflicting results in the literature
can be partially disentangled by considering that the light soaking effects depend strongly on the
1) photon dose (i.e. illumination time and intensity) and ii) atmosphere of the sample during
preparation, storage and measurement (i.e. atmospheric history). At very high photon doses, the
PL enhancements diminish and there is a (reversible) drop in the emission level** ®. Tian et al.”®
and Galisteo-Lopez et al.*’ reported that the photo-brightening effects were boosted in the presence
of oxygen. Understanding the mechanism by which light reduces the defect density through photo-

induced ion migration, and the influence of atmospheric molecules such as oxygen, will yield

crucial insight into the origins of the non-radiative decay.
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ii1) Compositional control. The correlations between enhanced PL and reduction in iodine content
(cf. Figure 3c) suggests that the emission properties are sensitive to local stoichiometry. It is not
clear whether films with stoichiometric compositions are preferable or whether halide-deficiencies
in fact lead to better emission properties. Recent work suggests that under-stoichiometric
compositions (i.e. a deficiency of Pbl, in the precursor solution) lead to enhanced PL properties
and open-circuit voltages in full devices*. The impact on the full device is debated as excess Pbl,
appears to be beneficial to other device parameters, presumably because of resulting changes in
work function, film formation etc. The self-assembly of perovskite grains from precursor salts
makes it difficult to distinguish how changes in precursor ingredients directly impact the final film.
For example, deQuilettes et al. showed that the local PL properties in perovskite films processed
using PbCl precursors (denoted MAPbI3.<Cly, where x is very small in the final films) positively
correlate with local chloride-rich regions, but it is unclear whether the presence of chloride itself
is essential or whether it is residual chloride which assisted the growth of a high quality grain. The
presence of Rb in the recent report of highly electro-luminescent perovskite devices leaves the
same open question®*. The distinction will likely depend sensitively on the perovskite processing
route, as each solution-processed route requires the complicated simultaneous crystallisation
seeding, crystal formation and evaporation of solvent and/or any spectator species’’, all of which
will be influenced by the stoichiometries of the precursors. It will be important to distinguish which
species play active roles in the optoelectronic properties of the final films in order to controllably
design optimal compositions. The deposition of high-quality perovskite films from inks containing
pre-formed nanocrystals represents another controllable way forward that avoids some of these

complications®> %4,
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iv) Low temperature. In Figure 3d, the PL of a thin film of MAPbI3 is shown as a function of
temperature, with the internal PLQE n (calculated from the measured external PLQE) shown in
the inset'®°!. At ~150 K, the internal PLQE approaches 100 %, suggesting that the defects related
to non-radiative decay are mitigated. The general trend of the large increase in PL with decreasing
temperature is also seen in single crystal samples®’. One possible explanation is that the
concentration of intrinsic defects could be exponentially sensitive to temperature following a
Boltzmann distribution, thus leading to the decrease in trap densities at lower temperature.
Alternatively, there could be a dark carrier filling of a band of sub-gap trap states that is filled at
around ~150 K. This filling is consistent with the profile of trap states presented by Baumann et
al.”>, who reported that the sub-gap trap states are predominantly filled at ~150 K. The success of
passivation approaches indicates that it might be possible to suppress or fill the sub-gap states in a
similar way but at room temperature.

Ionic migration is an unwanted phenomenon in perovskite materials which leads to inferior
performance and instabilities in devices. lon motion has been attributed to be the cause of
hysteresis in operating solar cells®* and LEDs” as well as other transient phenomena (on a time
scale of seconds to minutes) under light or electrical bias’®*®, In mixed bromide/iodide perovskites,
light-soaking leads to an unwanted photo-induced halide segregation within the perovskite into
iodide-rich domains with a lower bandgap’'. This effect is somewhat mitigated in a narrow
bandgap range via substitution of MA for FA and/or Cs*>*° though for most configurations and
even for these ‘photo-stable’ complexes the consensus is that ion migration still occurs. The
interesting correlation between the slow transient rises in luminescence under light (Figure 3b) and
)

the light-induced ionic migration (Figure 3c)’” suggests the mechanism for ionic migration is

intimately related to the non-radiative decay pathways; indeed, hysteresis in operating solar cells
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is best modelled in the presence of both ion migration and traps'%. This could be because the traps

101 " which are

associated with non-radiative decay are related to ionic vacancies or interstitials
themselves mobile, particularly under light or fields** '°2. This connection leads to the tantalising

prospect that eliminating the non-radiative pathways could also arrest ion migration.
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Figure 4. Arresting transient behavior through passivation. (a) PL rises over time under
illumination with a 532-nm CW laser (~60 mW/cm?, equivalent photo-excited density to 1-sun
illumination) for untreated control MAPbI; and pyridine-vapor-treated MAPbI3 thin films in a
nitrogen glove box. MAPbI; films were prepared using the solvent dripping method!®. (b)
Normalized stabilized maximum power output of a control device and pyridine-treated MAPDI;3
planar heterojunction n-i-p device measured under solar illumination conditions. Data first

presented in Ref. 77. (c) Photocurrent rising process when turning on and turning off the incident
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light for perovskites devices without PCBM layer (yellow) and with PCBM layer after 45 min
thermal annealing (blue). Reproduced with permission from Nature Publishing Group'®. (d)
Steady-state EQE measurements over time of perovskite LEDs with BAI:MAPbI3 molar ratios of
0:100 and 20:100 at a constant voltage of 5.0 V. Reproduced with permission from Nature

Publishing Group’.

To demonstrate this concept, the PL rise over time under illumination for an untreated MAPDI;3
and a film that has been passivated with pyridine vapor (following the method of deQuilettes et
al**) is shown in Figure 4a. The slow transient rise in emission, which is associated with ionic
migration®, is almost entirely eliminated in the passivated sample, which has a near-instant rise to
the maximum and stable emission output. We see a very similar behavior when monitoring the
maximum power output of a full planar heterojunction device (Figure 4b), where the passivated
system very quickly reaches its stabilized maximum power output’’. Similarly, fullerene-based
electron acceptors such as phenyl-Cegi-butyric acid methyl ester (PCBM) have been shown to

passivate perovskite surfaces'® 1%

, potentially by infiltrating between grain boundaries, and
devices using PCBM-based electron transporting layers exhibit reduced hysteresis® and a rapid
rise to stabilized device current output'®* 1% (Figure 4c). Recently, Xiao et al. used large-group
ligands such as n-butylammonium (BA) to constrain the growth of three-dimensional MAPbI; and
MAPbBBr3; perovskite grains to small crystallites which have well-passivated surfaces and are
efficient emitters’. The external quantum efficiency (EQE) of the electroluminescence of LED
devices constructed from these materials show a stabilized output, as compared to the transient

rises and decays of the output from a device comprised of the materials without the growth

constraint and passivating BA ligands (Figure 4d). These reports are consistent with slow transient
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effects associated with ion migration being suppressed in perovskites with lower trap densities.
Future work to combat both ionic motion and non-radiative decay should target the elimination of
defects that could be common origins to both phenomena.

In summary, metal halide perovskites have enormous potential for optoelectronic applications
including high-performance solar cells and bright, highly-emissive LEDs. However, their
performance is currently limited by poorly-understood non-radiative recombination pathways
under device operating charge densities, which are manifested on the microscale as bright and dark
grains in emission. The removal of these non-radiative channels through treatments including
chemical surface passivation, light-soaking and lowering temperature, cumulatively help us to
build up a picture of the origins of these losses and rational ways to eliminate them. The intimate
connection between non-radiative losses and ionic motion suggests that they share common origins
and therefore may share common solutions.

However, there still remain a number of open questions that must be resolved for us to fully
understand these phenomena and, more generally, the recombination behaviour in such materials
that show remarkable defect tolerance. Recent work has revealed that local chemical properties®
and even local structural properties’’ can substantially influence the recombination behaviour,
suggesting we may need to target growth of specific grain orientations with specific local
chemistry (e.g. with deficiencies or excess of halides) for optimal performance. The desired
optimal compositions will be further influenced by how a contact then interfaces with these grains
in a full device!®. These interfaces could potentially introduce new defects as well as new
requirements on the grain properties to optimize both charge collection at short-circuit and
radiative recombination in the perovskite at open-circuit. Their remarkable defect tolerance may

also, in turn, be related to their curiously slow recombination rates. Recent works have proposed
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that these observations could be due to an indirect-direct character of the bandgap'®'® or

110,111

polaronic screening effects , and the relationship between these phenomena and non-radiative

decay channels'!'?

will be a topic of hot interest moving forward. The origin of the non-radiative
bimolecular recombination constant will also be of broad interest to the community as it may hold
the key to eliminating the final non-radiative recombination losses®. Finding answers to many of
these open questions will lead to a fundamental understanding of the non-radiative losses and ionic

migration, leading to rational pathways to remove or exploit these phenomena and, ultimately,

yielding devices approaching their theoretical limits.

Quotes to highlight in paper

“A good analogy for voltage losses from non-radiative decay is a ‘leaky’ dam, where parasitic
leak (loss) pathways will impair our ability to maintain the water level (voltage) at its highest
possible level.”

“The reasonable operation of perovskite devices even with moderate defect densities suggests that
their electronic behavior is remarkably defect-tolerant compared to other semiconductors.”
“There is a growing number of reports in the literature in which these non-radiative processes are
reduced, which hint at routes towards defect-free materials.”

“The intimate connection between non-radiative losses and ionic motion suggests that they share

1

common origins and therefore may share common solutions.’
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