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Abstract

Light emitting diodes (LEDs) made from metal halide perovskites have demonstrated external
electroluminescent quantum efficiencies (EQEgL) in excess of 20%. However, their poor
operational stability, resulting in lifetimes of only tens to hundreds of hours, needs to be
dramatically improved prior to commercial use. There is little consensus in the community
upon which factors limit the stability of these devices. Here, we investigate the role played by
ammonium cations on the operational stability. We vary the amount of phenylethylammonium
bromide, a widely used alkylammonium salt, we add to a precursor solution of CsPbBr3; and
track changes in stability and EQEgL. We find that while phenylethylammonium bromide is
beneficial in achieving high efficiency, it is highly detrimental to operational stability. We
investigate material properties and electronic characteristics before and after degradation and
find that both a reduction in the radiative efficiency of the emitter and significant changes in
current-voltage characteristics explain the orders of magnitude drop in the EQEgL which we

attribute to increased ionic mobility. Our results suggest that engineering new contacts and



further investigation into materials with lower ionic mobility should yield much improved

stability of perovskite LEDs.

Keywords

perovskite, light-emitting diode, 2D/3D, stability, CsPbBrs3, efficiency, degradation

Metal halide perovskite semiconductors have emerged in recent years as a class of materials
with enormous potential for diverse optoelectronic applications. They have been intensively
studied for photovoltaic applications where power conversion efficiencies in excess of 25%
have recently been reported.! The perovskite photovoltaic community rapidly garnered interest
as efficiencies in excess of 10% were reported in 2012,% after which the efficiency rapidly rose.
As gains in efficiency became more incremental, the instability of the cells under operational
conditions was confronted and recent reports show stabilities of 1000s of hours.?

Following a few years after the solar cell breakthroughs of 2012, light emitting diodes
(LEDs) based on ABX3 metal halide perovskites were reported.* The research field has been
following a similar trend to perovskite photovoltaics where initial modest efficiencies have
rapidly improved.’ Currently there are several reports of perovskite LEDs with an external
electroluminescence quantum efficiency (EQEEL) in excess of 20%, which is comparable with
state of the art organic LEDs.®” However, the operational stability of perovskite LEDs is
currently poor; state-of-the-art devices only able to operate for a few hours, or a few hundred
hours in the best case.” These lifetimes fall orders of magnitude short of those in organic LEDs
(OLEDs), which can operate for tens of thousands of hours, limiting the scope for commercial
use. Now that high efficiencies have been demonstrated, the poor stability needs to be more

urgently addressed, and will “gate” whether perovskites will have a future in the LED industry.



Over the last few years, high efficiency perovskite LEDs have been most often made by in
situ generation of nanocrystals in a film (where a ligand is added in excess to the stoichiometric
ABX; perovskite) '° or through the formation of quantum well heterostructures (often referred
to as “2D/3D” compositions).!! In both cases, bulky ammonium cations are used to improve
the optoelectronic properties of the material by direct chemical passivation, increased dielectric
confinement, carrier funnelling and reduction in grain size, all which encourage efficient
radiative bimolecular recombination.''™!* Despite the widespread use of bulky ammonium
cations there has been very little study into their effect on stability.

In this work we investigate the effect of the composition of the emissive layer on the stability
of perovskite LEDs by systematically varying the amount of excess phenylethylammonium
bromide (PEABr) (structure Fig. S1 b) which we add to our control precursor solution of
cesium lead tri-bromide (CsPbBr3;). PEABr has been widely used for high efficiency LEDs in
the literature for both nanocrystalline films and 2D/3D compositions '''*!4 We demonstrate
that addition of PEABr into the precursor solution is an effective strategy to improve the
efficiency of perovskite LEDs where we observe 50 fold improvement in EQEgL from 0.24%
for CsPbBrs3 to over 12.1% for our optimised composition. Despite this excellent improvement
in efficiency, we find that the LEDs containing PEABr are much less stable than those which
do not. We find that two factors strongly govern the instability: 1) a large drop in the radiative
efficiency of the emitter layer and, ii) most significantly, the emergence of a charge injection

barrier in the LEDs which we postulate leads to charge imbalance in the device.

Results and Discussion

We choose CsPbBr3 as our emitter material, so that phenylethylammonium (PEA) is the only
organic cation in our system.'> We begin our investigation by fabricating films of CsPbBr; via
spin-coating. Using scanning electron microscopy (SEM) (shown in Fig. S1a), we find that for

CsPbBr3; we obtain a non — continuous film with crystallites that are a few hundred nanometres
3



in size. We then fabricate films by adding increasing excess of phenylethylammonium bromide
(PEABTF) to the stoichiometric solutions of CsPbBr3 precursors. We add the small molecule 18-
crown-6 to improve both the morphology and optoelectronic quality of the polycrystalline
films, as previously reported by Ban et al.;'* 18-crown-6 is used at a concentration of 4 mg/mL
for all films in this study unless stated otherwise. We show SEM images of the films in Figure
S1b, and observe a significant decrease in grain size as we increase the amount of PEABr.
Crystallites are typically < 50 nm for the (PEABr)o2CsPbBr; films and for the
(PEABT)0.4CsPbBr3 and (PEABT)0.6CsPbBr3 individual grains are not easily resolved. We note
that the compositions which we refer to reflect the molar ratio of PEABr to CsPbBr3 in the
starting solutions. They do not represent the crystal phase in the as-crystallised film, which we
discuss in detail later on.

Next, we assess the optoelectronic properties and quality of the films. We begin by
characterising the photoluminescence (PL, Fig. 1a) and UV-Visible absorption (UV-Vis, Fig.
1b) spectra of the films. We present photographs of the same films under visible and UV
illumination in Fig. 2d.i. and 2.d.ii. For the CsPbBr; films we observe an excitonic absorption
feature peaked at 515 nm. As the molar ratio of PEABTr is increased we observe significant
changes in both the absorption and photoluminescence spectra. We observe a blue-shift of the
absorption onset which we hypothesise to be due to quantum confinement of the carriers within
the emissive domains. There is also a broadening of the excitonic absorption (see
Supplementary Note 1 for further discussion). We observe distinct absorption features in our
(PEABr)1.0CsPbBr3 sample at 435 and 460 nm which are likely due to the presence of n=2
and n=3 Ruddlesden-Popper phases of the formula PEA>Csy.1PbaBrin:1.'¢ It appears that our
film fabrication procedure favours the formation of 3D over 2D phases until we reach a critical
point where there is high amount of PEABr. Steady state photoluminescence spectra show a

blue-shift in the emission peak and broadening of the spectrum with increasing amounts of
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PEABT (see Supplementary Note 1). This is consistent with our hypothesis of confinement of

the carriers, which is typically observed in CsPbBr3 nanocrystals below 15 nm.!”
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From SEM, UV-Vis and steady state PL we conclude that, as we increase the concentration
of PEABT, we are forming nanocrystalline domains of decreasing size of CsPbBr3, which then
begins to form 2D structures when the precursor has the composition (PEABTr)10¢CsPbBr3. This
agrees with other reports which use excess PEABr as an additive into ABX3 precursor
solutions, and show the formation of nanocrystalline domains.!%!* This is further corroborated
by X-ray diffraction (XRD) data (PEABT1)0.4CsPbBr3, which shows the same diffraction peaks
as CsPbBr3 with no reflections at lower angles, which we would expect from 2 dimensional
phases (Fig. S3 a-c). We fit the (101) diffraction peak centred at 15.2° and found that there is a
three-fold broadening of the peaks in our (PEABr)0.4CsPbBr3 films which is consistent with a
large reduction in particle size (Fig S3 d). If we assume the domains are spherical, we find
through Scherrer broadening analysis that this corresponds to an average domain diameter of
47 nm for CsPbBr3, reducing to 15 nm for the (PEABT)0.4CsPbBr3 films.

We investigate the impact of PEABr concentration on the photoluminescence quantum yield
(PLQY) of the films (Fig. 2¢), which is the ratio between the photons emitted to the photons
absorbed. PLQY is a critical parameter for an emitter in an LED since it represents the
maximum possible value for the EQEgr if all other losses are accounted for in the device.'®!”
We find that at an irradiance of 93 mW/cm? (at 405 nm), addition of PEABr improves the
PLQY from 0.4 % for our neat CsPbBr3 film to 71.8 % for the (PEABT)1.0CsPbBr3 film (see
Table 1 for further details). This is among the highest values reported for a perovskite thin film,
which is additionally smooth with no enhanced scattering or optical out-coupling structures.
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Perovskite Composition @ PL Peak PLQY (%) FWHM PL Stability —

(nm) (nm) I/To after 300
s
CsPbBr3 526 0.4 21.2 1.26
(PEABTr)0.1CsPbBr3 524 16.4 22.4 0.76



(PEABTr)02CsPbBr3 520 25.5 253 0.58

(PEABr)0.4CsPbBr3 518 62.3 26.8 0.84
(PEABr)0.6CsPbBr3 512 66.0 23.9 0.90
(PEABr)1.0CsPbBr3 513 71.8 25.1 0.92

Table 1. Photoluminescence quantum yield, PL peak, full width half maxima and PL stability
(irradiance 93 mW/ cm? ; Aexe = 405 nm) for all different compositions of (PEABr)xCsPbBrs;

used in this study. All films were on glass and encapsulated in an N filled glovebox.

We now proceed to incorporate the films into LEDs to assess the effect of PEABr on both
device performance, and critically, upon device stability. In this work, we use a p-i-n device
architecture of ITO/poly-TPD/LiF/(PEABr)«CsPbBr3/TPBi/LiF/Al, a schematic of which we
show in Fig. 2a, along with an energy level diagram for individual isolated materials employed
in the LED stack in Fig. S4. We characterise the current density (J) versus external
electroluminescent quantum efficiency (EQEEgL), current-density-voltage-luminance (J-V-L)
characteristics and show device statistics in Figs. 2 b-d and EQEEL versus luminance in Fig.
S5. The maximum EQEEgL achieved for each composition and other performance metrics are
summarised in Table 2. We achieve an excellent EQEEgL of 12.1 % for the (PEABTr)0.4CsPbBr;
LED showing a large improvement from our CsPbBr3; device that exhibits a maximum EQEgL

of only 0.24 %.
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Figure 2. Device Characterisation and Stability of PEABr/CsPbBr; Perovskite LEDs: a)
Device structure of LED used for this study with corresponding film thicknesses; b) Typical
EQEEL v current density scans for each composition; ¢) Current density v Voltage and

Luminance v Voltage scans for the same devices; d) EQEgL statistics for one batch of



perovskite LEDs across the different compositions; ¢) Normalised EQEgL v Time data for
perovskite LEDs operated at 10 mA cm™ showing the drop off in stability when PEABTr excess
is increased; f) The same stability data plotted on an absolute scale showing that our most

efficient LEDs become worse than the controls after ~ 2 hours.

It is interesting to note that the trend of PLQY does not closely follow the trend of EQEEL.
For (PEABT)0.1CsPbBr3 and (PEABr)o2CsPbBr3 we saw significant improvement in PLQY but
the EQEgL shows no improvement for (PEABr)o.1CsPbBr3; and only moderate improvement for
(PEABTI)0.2CsPbBr3, in comparison to the neat CsPbBr3 LEDs. A reduction in EQEEgL can arise
from a reduction in the emission efficiency (PLQY) of the isolated emitter layer, luminescence
quenching via the presence of charge injection contacts, or unfavourable charge balance. If we
specifically compare (PEABr)o4CsPbBr3 to (PEABr)10 CsPbBr3, we observe a sizeable
increase in PLQY of the isolated thin films (Table 1), but a substantial drop in EQEgr. This
tells us that either the luminescence quenching from the charge extraction contacts is sensitive
to the emission layer composition, or that the charge balance has become less favourable. We
will return to this point when investigating the operational stability of the devices later on.

Interestingly, despite a high peak EQEEL, this does roll off at higher drive voltages, and
(PEABT)0.6CsPbBr3 and (PEABT)1.0CsPbBr3; achieve a maximum luminance of only 145 and 11
cd/ m? respectively which is presently too low for commercial use (typically OLEDs operate
up to 1000 cd/m?). In Fig. 2c with increasing amount of PEABr we observe a significant
decrease in current for a given voltage. PEABr is an insulating organic molecule and is
expected to decrease the conductivity of the film; it is logical that there will be an optimal
amount for high efficiency LEDs where a trade-off between electronic conductivity and
improvement in PLQY of the film on injecting contacts is achieved.

Next, we investigate the operational stability of the devices in a nitrogen filled glovebox, to

remove the effects of atmosphere upon stability. We operate devices at a constant current
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density of 10 mA cm™ and measure the EQEEL as a function of time. We present the results
both normalised to their maximum values and on an absolute scale (Fig. 2e and 2f,
respectively). Strikingly, as we increase the PEABr content from CsPbBrz >
(PEABTr)1.0CsPbBr3, we see a strong negative correlation with stability, and we determine that
the Tso decreases from 9.3 hours to a few seconds (Table 2, Fig. S6). Most worrying is Tso for
(PEABTr)0.4CsPbBr3, our most efficient LED is only 203 seconds, over 150 times shorter than
our control CsPbBr; device. After further inspection of Fig. 2 f one can see that
(PEABr)0.4CsPbBr3 becomes less efficient than CsPbBr; after only 2.5 hours, which raises

concerns for PEABr addition as a strategy for fabricating efficient perovskite LEDs.

Perovskite Max Tso @ Maximum  Turn- |J @ max Luminance | EL
Composition EQErL. 10 mA Luminance on EQErL (mA @ max | peak
(%) cm? (cd m?) voltage | cm) EQEeL (cd (nm)
M) m)
CsPbBrs3 0.24 93h 3495 3.0 413 3496 523
(PEABr)o.1CsPbBrs | 0.25 36h 3366 3.0 178 1611 521
(PEABr)o2CsPbBrs | 1.38 1.7h 10973 2.9 106 4426 516
(PEABr)o4CsPbBrs | 12.1 203 s 10270 2.8 2 812 514
(PEABr)osCsPbBrs | 1.68 3s 146 2.8 0.4 32 509
(PEABr)1.0CsPbBrs | 1.43 6s 10 3.0 0.02 1 509

Table 2. Max EQEgL achieved, Tso at 10 mA c¢cm™ and other performance metrics for all

(PEABT)xCsPbBr; LEDs measured in this study.

Having discovered this striking trend, we reviewed the literature of CsPbBr; LEDs (using p-
i-n device structures) to see if there is general consistency. We categorise the different reports
of LEDs under three general strategies: these are (i) bulk CsPbBr; with polymers or small
molecules for passivation (e.g. polyethylene oxide?! or cesium trifluoroacetate®?), (ii) CsPbBr;
with bulky ammonium cations, and (iii) colloidal nanocrystals of CsPbBr; (see table S2 for

review), which employ a range of ligands for passivation. It isn’t possible to make absolute
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stability comparisons across studies since different operational conditions have been used,
however we observe that the Tso for bulk CsPbBr3 is superior to CsPbBr3 with bulky
ammonium additives and CsPbBr3; nanocrystals. Additionally, the two best reported stabilities
which we can find for green perovskite LEDs, are derived from bulk CsPbBr3; with impressive
Ts2 =80 h and Tso= 250 h while maintaining an efficiency of 4.8 % and 10.5 % respectively.?!:??
The literature is therefore consistent with our findings that ammonium cations are detrimental
to the stability of CsPbBr3 LEDs.

We now seek to unveil the underlying degradation mechanism in PEABr-containing CsPbBr3
LEDs. We first consider the thermal stability of our (PEABTr)o4CsPbBr; LEDs. CsPbBr3 is well
known to be thermally stable!® and previous reports for (PEABr)4CsPbBr; have shown
optimised annealing times of 10 minutes at 90 °C after which a thermally induced degradation
in optoelectronic properties is observed.”® Jiang et al. recently reported high efficiency
perovskite solar cells where they used PEALI as a surface passivation treatment and they found
that their treatment was unstable at 85 °C.2* Therefore, we anneal (PEABr)o4CsPbBr; LEDs at
50 °C and measure the efficiency over the course of an hour to check if thermal decomposition
is occurring (Fig. 3b.). We choose this temperature since Zhao et al. measured the junction
temperature of their perovskite LEDs (which have a very similar emitter and device structure
to ours) in operation to be approximately 40 °C.!” We observe no change in efficiency over the
course of one hour, which rules out operationally induced thermal degradation as the sole
mechanism. We also measure the photostability of the films under illumination at 93 mW/cm?
(Fig. S7). We firstly observe that none of the films degrade by anywhere near the same extent
as the (PEABr)04CsPbBr; LEDs over the same period of time, and that the trend in stability

does not follow closely with the LEDs: the (PEABr)02CsPbBr3 has the lowest photostability.
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Figure 3. Characterisation of Degraded Perovskite LEDs: a) A 1 cm? (PEABr)o4CsPbBr; LED

in operation which was typically used to maximise signal when characterising degradation; b)

EQEEL statistics for all 8 pixels on one (PEABr)o4CsPbBr3; substrate after annealing for

different periods of time at 50 °C; ¢) UV-Visible absorptance data for pristine and degraded

LEDs, typically 2 x 1 cm? electrodes were evaporated on a substrate, one was electrically

degraded and both the electrodes were delaminated for further characterisation; d) XRD data

for LEDs where the same degradation procedure as for the UV-Vis was carried out.

To further elucidate the degradation mechanism, we probe the electronic and crystal structure

of our CsPbBr3 and (PEABr)04CsPbBr; LEDs before and after operation. In order to maximise

signal and degradation we use 1 cm? devices, which we show in operation in Fig. 3a., and

12




operate them at 20 mA cm™ for 1 hour. We present the UV-Vis and XRD data (Fig. 3c, d).
Surprisingly, despite almost complete degradation of the EQEEgL for (PEABT)0.4CsPbBrs LEDs,
we do not see any changes in the XRD or UV-Vis. Further, we consider whether changes in
morphology are occurring so we operate the LEDs, delaminate the Al electrode, wash off the
TPBi top contact with chlorobenzene, and then characterise the top of the perovskite film using
SEM (Fig. S8). We observe no significant changes in morphology which is consistent with the
lack of changes in the XRD and UV-Vis. X-ray photoelectron spectroscopy (XPS) is performed
on the same samples, and again, we observe no significant changes in the Pb 4f, Al 2p or Br 3d
core level spectra. Full peak fittings, positions and data comparisons can be found in figures
S9-11 and Table S4.

Next, we measure the photoluminescence spectra of our pristine and degraded
(PEABT)1.0CsPbBrs LEDs and observe a slight redshift in the spectrum (Fig. S12 a). This is
consistent with an increase in the CsPbBr3 domain size, which would reduce the confinement
of the carriers. We postulate that the apparent loss of confinement is due to

phenylethylammonium decomposing in our (PEABr)1.0CsPbBr; LEDs via the reaction:

R-NH3"X" = R-NH3 + HX

Equation 1. Proposed decomposition pathway for PEABr where R = CsHs-CH2-CH: and X =
Br™ which is analogous to the well know decomposition reaction of methylammonium iodide

where R=CHsand X =T

Where R = CsHs-CH>-CH> and X = Br". This decomposition reaction is analogous to the
decomposition of methylammonium iodide which is well known in perovskite photovoltaics
(R = CH3z and X = I') which has been studied extensively, and is known to happen under
environmental stresses such as elevated temperature, humidity and the presence of oxygen.?

Indeed, Prakasam et al. recently investigated the degradation of methylammonium lead
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bromide perovskite LEDs, and report the formation of PbBr; under operation, and show
compelling evidence for the formation of methylamine, consistent with methylammonium
deprotonating under electrical injection.> Watanabe et al. studied the degradation of
PEA,FA,Pb;Brio and showed degradation of their 2D phases into 3D FAPbBr3.2° They do not
provide a mechanism but we postulate that they are also observing the decomposition of
phenylethylammonium into phenylethylamine. Further, Fang et al showed the
photodecomposition of the layered perovskite PEA>Pblsinto PEA, HI and Pbl> which indicates
that these materials may not be stable when full of charge under electrical bias. 2’

We do not observe the same red shift in the photoluminescence spectrum of our
(PEABr)0.4CsPbBr3 LEDs after degradation (Fig.S12 b) so we investigate them further. We
study (PEABr)o.4CsPbBr; LEDs at different stages of degradation using Fourier transform
photocurrent spectroscopy (FTPS) under high gain settings to look for the presence of sub-
bandgap states which would be contributing to photocurrent. FTPS affords orders of magnitude
of sensitivity in comparison with linear absorption. However, we didn’t observe the formation
of a low bandgap minority phase or a low energy tail (Fig. S13). It is worth noting that while
the FTPS spectrum does not change in overall shape, it does reveal a lower collected
photocurrent after the LEDs have been operated. This is an indication of interfacial degradation
in the device reducing the efficiency of carrier collection. It does not however indicate
increased contact between the 3D domains and the charge injection layers, which could have
otherwise been potentially responsible for the reduced EQEEgL.

Looking further for an indication of decomposition we closely inspect the spectral features
of the electroluminescence (EL) of (PEABr)04CsPbBr; LEDs over the course of degradation.
Fig. S14 a shows the decrease of EL intensity over the course of the measurement with the
normalised spectra shown in the inset. First, it appears that there was no significant change in

the spectrum. However, when shown on a log scale, we find a broad shoulder spanning from
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600-900 nm growing relative to the 520 nm emission over the course of time (Fig. S14 b).
Intrigued by the presence of this shoulder we look at the same region for CsPbBr3 LEDs (Fig.
S14 d), and observe that even the pristine LED has a broad shoulder between 600-900 nm.
Interestingly, this shoulder grows at a much slower rate than in the (PEABr)0.4CsPbBr3; LEDs,
which correlates with our observations for stability. This type of broad emission in CsPbBr3
was first reported by Motti et al. under PL excitation in vacuum which they attributed to photo-
emissive trap states.?® As far as we are aware this is the first report of such emissive trap states
in EL, and may provide a compelling signature of the degradation of our films.

We continue our investigation by probing the electrical characteristics of our
(PEABT)0.4CsPbBr3 LED before and after significant amounts of degradation (1 h operation at
10 mA ¢cm™). We find that for a given current density the luminance is approximately 2 orders
of magnitude lower for the degraded device (Fig. 4 a). We observe that there is an increase in
current density at low bias (Fig 4 b), indicating either (i) a reduction in the shunt resistance
(leakage current), (ii) an increase in the background carrier density in the perovskite films or
(ii1) doping of the injection layers. However, when we reach the turn on voltage for the LED
(~2.8 V) less current is flowing through the device. The increased resistance under operating
conditions could result from either a reduction in charge carrier mobility in the perovskite
emitter layer or in the charge injection layers, or an increased barrier to charge injection at one
or both of the contacts. This change to the resistance and current flow through the LED is likely
to have a negative impact on efficiency. If the charge injection is primarily limited for one
carrier type (electron or holes), then there may exist a unipolar current of the opposite carrier
type, where the charges then drift right through the device and back into the external circuit.?’
A significant charge injection barrier can also lead to the opposite carrier accumulation at that
interface, leading to increased non-radiative recombination in the electrodes, transport

materials or at this interface. Upon further inspection of Fig. 4 b one can see that the turn-on
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voltage has increased by 0.3 V to ~3.1 V in the degraded device. This is in agreement with the

observed ‘kink’ in the JV curve (which is related to the built-in voltage) which increases from

2.6 V to 2.9 V. The determination of the physical origin of this barrier and its location in the

device is the subject of ongoing work.
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Figure 4: Changes in electronic and optoelectronic characteristics of (PEABr)o4CsPbBr; LEDs

after degradation, this LED had an initial EQEgL of 10.3%: a) J v L of pristine and degraded

LED after 1 h of operation at 10 mA ¢cm™; b) changes in J-V-L characteristics before and after

1 h of operation at 10 mA cm™; ¢) intensity dependence of PLQY of full LED before and after
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operation for 1 h at 10 mA cm; d) changes in the PL spectrum of (PEABr)o4CsPbBr; LED

after operation for 1 hour at 10 mA cm™

Next we measure the PLQY of our full device stack for the same (PEABr)o4CsPbBr; LED
for which we have just presented the JVL data, before and after operation. We find that the
PLQY decreases from ~28% down to ~9% across a wide range of optical excitation intensities
(Fig. 4 c). In addition to the decrease in PLQY, we also observe the previously mentioned tail
in the emission of degraded (PEABr)04CsPbBr3 (Fig. 4 d). Interestingly, the PLQY of the
degraded devices is much higher than the degraded EQEgr and experiences much less of a
relative decrease, only dropping to ~30% of its initial value whereas the EQEgr is ~1.5% of its
initial value. It therefore appears that although a certain fraction of the degradation in EQErL
is originating from trap site generation in the perovskite emission layer, the majority of the
degradation is arising from an electronic consequence of the increased resistance under driving
voltages.

We also note that even before degradation, the PLQY of the complete device (metal
electrodes included) is much higher than the EQEEgL that we determine. This shows that there
are electronic losses under operation which are not present under light illumination. This
indicates that the charge injection layers are not perfect charge blocking when an electric field
is applied, or that there is an imbalance in the charge injection rate for electrons and holes, and
clearly indicates significant scope for improvement of the LEDs. Further, we note that the
PLQY does not vary with optical excitation intensity even for the degraded LED we present.
If we are creating traps in the bulk of the emission layer in the degraded devices, we would

expect lower PLQE at low excitation intensities, due to trap filling with increasing excitation
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intensity. Since we do not observe this, we postulate that the non-radiative recombination is

happening mostly at the interfaces.

In this work we show that the addition of PEABr to CsPbBr3 perovskite LEDs significantly
decreases the operational stability. The Tso = 9 hours for CsPbBr3z which we report is over 2
orders of magnitude longer than our high efficiency (PEABr)o4CsPbBr; LEDs. However, we
do not find any significant changes to the electronic or crystal structure of the material after
degradation. We do observe that the PLQY of our optimised device decreases from ~28% to
~9% after 1 hour of operation at 10 mA cm™ (32% its initial value), but this does not fully
explain the drop in EQEgL which drops from 10.3% to 0.16% during this time (1.5% its initial
value). Additionally, we observe significant changes in the J-V characteristics of the device
over this time. Namely, we observe an increase in current density below the LED turn on
voltage and a reduction in the current density, hence increase in resistance, above the turn on
voltage.

It is apparent that the primary cause for the rapid degradation are changes to the electronic
operating characteristics of the devices, rather than changes to the emission efficiency of the
emitter layer. Metal halide perovskites are known to contain mobile ions, which can have
significant effects on the electronic characteristics of devices.**! We postulate that the changes
we observe are a result of an alteration of the charge injection contacts as a consequence of
mobile ions migrating from the perovskite emitting layer into the charge injection layers, or
accumulating at one of the interfaces in the device. Due to the direction of the electric field
under operation, we would expect diffusive cations to be driven into the n-type charge injection
interface and layer (cathode), and anions to be driven into the p-type charge injection layer and
interfaces (anode). Depending upon the precise nature of the ions, this accumulation of ions

could result in increased n- or p-doping of the respective injection layers, in an analogous
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fashion to a light emitting electrochemical cell.>? Further, a significant shift in the energetic
alignment could occur at these interfaces due to dipole layer formation or the accumulation of
a solid-state ionic double layer. Both these processes could significantly influence the charge
injection and recombination at these interfaces.

The clear trend of decreasing operational stability with increasing concentration of PEABr,
points towards it being a likely source of these mobile ions. As we previously highlighted
(Equation 1), there is evidence in the literature for generation of HBr in operating devices via
decomposition of alkylammonium halides. We postulate that the H" and Br ions formed are
the previously mentioned mobile ions. CsPbBr3 does not contain any alkylammonium cations
so cannot undergo the same decomposition pathway, which can explain the relative increase in
stability. However, it does contain mobile ions (mainly interstitials and vacancies)®! which may
still play a role on the long term stability. Analysis of changes in ion distributions before and
after operation of perovskite LEDs should be critical in further elucidating degradation
processes, and identifying means to circumvent such degradation. There is evidence in the
literature of ion migration through the device, a recent analysis on degraded FAPbI; LEDs
through time of flight- secondary ion mass spectrometry shows accumulation of I" at the TFB
(p-type) / Au interface.?®> Understanding these processes in more depth, is subject to ongoing
work.

The decreased PLQY in the devices indicated enhanced non-radiative recombination. This
could be explained by (i) the decomposition of PEABr reducing chemical passivation in the
film, (i1) doping of the contact layers by mobile ions increasing interfacial non-radiative
recombination, or (iii) the formation of other unidentified traps during operation. We wish to
stress that it is not clear from our characterisation which one of these contributes to the loss in
PLQY, therefore we believe that further research is required to determine if this loss can be

prevented in these hybrid materials.
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We consider that the capability of perovskite LEDs has been well demonstrated by the field
and now stability should be more critically assessed. In light of our findings we propose that
future research into the stability of perovskite LEDs should focus on (i) the development of
new charge injection layers and device architectures which are impervious to the diffusion of
mobile ions, and (ii) the development of perovskite materials which have less diffusive ions
while maintaining high luminescence efficiency. It appears that CsPbBr3 is a good material for

further investigation since it does not contain labile protons which can dissociate.

Conclusions

In conclusion, we have found that phenylethylammonium bromide is extremely beneficial
for improving the efficiency of CsPbBr; LEDs, whereby we are able to improve the EQEgL 50
fold from 0.24 % for CsPbBr3; up to 12.1 % for (PEABr)0.4CsPbBrs. This is in agreement with
the literature, where PEABr has been widely used to achieve this goal. However, we have found
a very strong negative correlation between incorporation of PEABr and operational stability.
After careful characterisation of degraded LEDs, we attribute the decay of the efficiency in part
to an increased trap density in the emissive layer, but also and most significantly, to a negative
impact upon the charge injection and transport characteristics in the electrically-driven LED.
We postulate that the most prominent cause for these effects is the decomposition of PEABr
into phenylethylamine and HBr. This reaction generates mobile ions, which can drift towards
the charge injection interfaces, which could have a broad range of negative consequences. This
has not been previously observed or considered for perovskite LEDs and provides a new
direction for addressing these challenges by engineering improved contacts which are either
insensitive or impermeable to ionic species. However, when we compare the stability of

different CsPbBr3 perovskite LEDs from our results and literature, we find that bulk CsPbBr3
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is a superior material for stability. We believe that, further research into methods to improve
the efficiency and stability of bulk CsPbBrz LEDs, coupled with redesigning the charge
injection layers will yield a significant step towards achieving respectable operational

stabilities for perovskite LEDs.

Methods

Materials

Lead(IT) bromide 99.999% (35703, Alfa Aesar), Cesium bromide 99.999% (429392, Sigma
Aldrich), 18-crown-6 >99.0% (274984, Sigma Aldrich), poly-tpd (PE0299, 1-Material Inc.),
TPBi (LT-E302, Lumtec Inc.), LiF (LT-E001, Lumtec Inc.), Phenylethylamine (128945,
Sigma Aldrich), Ethanol (443611, Sigma Aldrich), Dimethyl sulfoxide (276855, Sigma
Aldrich) and Chlorobenzene (284513, Sigma Aldrich) were all used as purchased without
further purification.

PEABr was prepared by the following procedure; 5 mL of phenethylamine and 30 mL of
ethanol were mixed and stirred in a 250 mL 2-neck flask in an ice-water bath. Then, 6.8 mL of
HBr acid (48 wt% in water) was slowly added into the mixture. The mixture was stirred for 2
h at 0 °C maintained using an ice-water bath. The reacted solution was evaporated by a rotary
evaporator at 55-60 °C to remove the solvent (ethanol and water), and white precipitate was
formed. The white precipitate was then washed with diethyl ether and collected by vacuum
filtration, a step which was repeated three times. After filtration, the obtained PEABr white
powder was collected and dried in a vacuum oven at 60 °C overnight. After that, PEABr was

dissolved into ethanol and diethyl ether to obtain a supersaturated solution. The solution was
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put into a freezer overnight. The white precipitate was then washed with diethyl ether and
collected by vacuum filtration, a step which was repeated three times. After filtration, the
obtained PEABr white powder was collected and dried in a vacuum oven at 60 °C overnight.

It was then transferred to an N> glovebox

Perovskite film fabrication

Perovskite precursor solutions were prepared to a standard wt % of approximately 12.4%
where our (PEABr)04CsPbBr3; samples were at a concentration of 0.2 M; The masses in mg /
mL of all of the salts for the solutions can be found in Table S1. All of the following procedures
were carried out in a N filled glovebox. The solutions were prepared by weighing all of the
powders into a single vial, dissolving them in anhydrous DMSO by stirring at 50 °C for 3 hours
and then filtering with a 0.45 uM PTFE membrane filter. A spincoating program of 1000 rpm
(1000 rpm s™! ramp) for 5 s followed by 3000 rpm for 55 s (3000 rpm s™' ramp) was used. The
spincoater was set up with a plastic collar (15 cm diameter) lined with a clean room wipe
surrounding the chuck and run with the lid open (using a magnet to override the interlock). The
28 x 28 mm substrate was placed on the chuck and spun for approximately 2 s before 50 uL of
precursor solution was dynamically dispensed onto the spinning substrate. We periodically
checked the substrate while it was spinning with a UV torch to check for luminescence and
found the (PEABr)0.4CsPbBr3 samples to begin to luminesce approximately 30 s into the spin
program. The film was then annealed for 10 minutes at 100 °C; we observed that for
(PEABTI)0.4CsPbBr3; the luminescence is initially quenched but returns visibly to its initial
intensity after 5 minutes. After each film was spincoated the clean room wipe was replaced in
order to reduce the amount of DMSO in the immediate vicinity of the film during
crystallisation. We found this critical for the fabrication of reproducible films and devices.

LED fabrication
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Pre-etched 28 x 28 mm ITO substrates were cleaned by sonication in a 2 v/v% Decon 90
detergent solution, deionised water, acetone and isopropanol for 2 minutes each. The substrates
were dried with a stream of N> and cleaned by UV-Ozone for 10 minutes. Then a solution of
poly-tpd in chlorobenzene (5 mg/mL) was dynamically spincoated in ambient air onto the
substrates at 4000 rpm for 20 s.

The substrates were then transferred to a vacuum evaporation chamber contained in a N»
filled glovebox and pumped down to a pressure of 5 x 10 ¢ mbar before 2 nm LiF was
evaporated (rate = 0.1 A s™') over the entire area of the substrate. The LiF helps to improve the
wettability of the perovskite on the poly-tpd while also reducing interfacial recombination. The
samples were kept in a N> environment in order to prevent the adsorption of water to the surface
as LiF is hygroscopic. Subsequently the perovskite film was deposited as described in the above
section, it is worth reiterating that the perovskite solution is dynamically dispensed onto the
already spinning substrate 2 seconds into the program. The substrates were then transferred to
a vaccum evaporation chamber without exposure to air and pumped down to 5 x 10  mbar. 45
nm TPBi (rate 1 A s') was evaporated from an alumina crucible followed by 1 nm LiF (rate =
0.1 A s!). These two materials were evaporated over the entire area of the substrate and the
chamber was vented. They were then transferred into a different evaporation mask and placed
into the chamber again where 100 nm Al (rate = 1 A s') was evaporated from an alumina
coated molybdenum boat. The mask which defined the pixel area creates an overlap area
between the patterned ITO and the aluminium of 3 x 3 mm giving a total pixel area of 9 mm?.

ELQE measurement

The ELQE was measured using two different setups to allow for cross reference of values.

ELQE using calibrated photodiode

Current density-voltage characteristics (J-V) were measured with a Keithley source-measure

unit (2400 series). Simultaneously the photon flux was measured by a calibrated photodiode
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(Thorlabs FDS 1010) which was placed directly above the sample at a distance of 9 mm and
held in a forward bias of 3 V. The total number of photons emitted from the sample was
calculated assuming a Lambertian emission profile and calculating the radiation view factor
which corrects for the fact that the LED is not a point source at this distance. Details of this
calculation can be found in Fig. S15. The electroluminescence spectrum was measured using a
calibrated grating spectrometer (MayaPro 2000). Using these data in addition to the
responsivity of the photodiode, all of the relevant performance characteristics can be calculated

(details can be found here).>* All measurements were carried out in an N; filled glovebox.

ELQE using an integrating sphere

Current density-voltage characteristics (J-V) were measured by Keithley source-measure
unit (2400 series). The LED was placed in an N> filled holder which was mounted to the side
of an integrating sphere, the electroluminescence spectrum and the photon flux was
simultaneously measured using a calibrated grating spectrometer (MayaPro 2000). Using these

data all of the relevant performance parameters can be calculated.

LED Stability testing

The LED stability was measured using the calibrated photodiode ELQE setup mentioned
above. The El spectrum was first measured using a calibrated grating spectrometer (MayaPro
2000). A constant current density of 10 mA ¢cm™ was applied and the photodiode current was

measured as a function of time, from this the ELQE as a function of time was calculated.

PLQY, Steady state PL and EL spectra
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Photoluminescent quantum efficiency measurements were carried out using a 405 nm laser
(Roithner laser MLL-II1-405-200mW) an integrating sphere and a calibrated grating
spectrometer (MayaPro 2000 or Maya QE Pro), using previously established protocols.*

Preparation of samples for degradation comparison

Samples were fabricated as described in the procedure above except a 1 cm? Al electrode
was evaporated in the final step. After operation the electrode was delaminated using sticky
tape for XRD and UV-Vis measurements. For PLQY measurements, the perovskite outside of
the electrode area was scraped off. Additionally, for SEM the TPBi top contact was spin rinsed
at 3000 rpm twice with 500 uL of chlorobenzene.

UV-Vis

Transmission and reflection measurements were carried out with a Perkin-Elmer 1050+ UV-
Vis-NIR Spectrophotometer with an integrating sphere accessory.

SEM

The SEM micrographs were measured using a FEI Quanta 600 FEG scanning electron
microscope. All of the films were imaged on an ITO/ Poly-TPD / LiF substrate.

XPS

A Thermo Scientifc Ka X-Ray Photoelectron spectrometer was used to perform XPS
measurements using a monochromated Al Ka X-Ray source at a take-off angle of 90°. The core
level XPS spectra were recorded using a pass energy of 20 eV (resolution approximately 0.4
eV) from an analysis area of 300 um x 300 pm. The spectrometer work function and binding
energy scale were calibrated using the Fermi edge and 3d peak recorded from a polycrystalline
silver (Ag) sample prior to the commencement of the experiments. Fitting procedures to extract
peak positions and relative stoichiometry from the XPS data were carried out using CASA XPS
software suite

XRD
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XRD diffractograms were obtained using a Panalytical X’Pert Pro X-Ray diffractometer with
a Cu-alpha source (A =1.54 A).

FTPS

The photovoltaic external quantum efficiency (EQEpv) was measured using a custom-built
Fourier transform photocurrent spectrometer based on a Bruker Vertex 80v Fourier transform
interferometer. Devices were illuminated with a 0.4 sun (40 mW/cm?), AM 1.5G spectrum
generated by an Oriel class AAA solar simulator. The LEDs were masked with a metal
aperture, with a defined active area of 0.0625 cm?. All of the photocurrent measurements were
carried out in air. To calculate the EQEpy, the device photocurrent spectrum was divided by a
calibrated silicon reference cell spectrum with a known EQE. The acquisition time for each

spectrum was approximately 1 min.

Supplementary Information

The Supplementary information is available online free of charge at:

Additional notes on the broadening of the emission and absorption of quantum confined
perovskites; A literature review of stability of CsPbBr; LEDs; tabulated concentration of
precursors used to fabricate films, tabulated initial and peak luminances of LEDs under steady
state operation at 10 mA cm; Energy level diagram of CsPbBr; LEDs; Figures showing
pristine film morphology, X-ray diffraction, EQEgL v Luminance, photostability, changes in
PL and EL spectra after device operation, changes in morphology after operation, XPS data
and fits, FTPS data, a script for calculation of radiation view factors.
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