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THE BIGGER PICTURE Perovskite light-emitting diodes (PeLEDs) are next-generation light-emission candi-
dates given their fantastic properties, including sharp color purity, bandgap tunability, and inexpensive pro-
cessing. This study explores the potential of Mn?*-doped PeLEDs for lighting and display applications. By
introducing a molecular additive, tris(4-fluorphenyl)phosphine oxide (TFPPO), Mn?*-doped PeLEDs achieve
a peak external quantum efficiency of 14.0% and peak luminance (i.e., brightness) of 128,000 cd/m?. These
high efficiencies and brightnesses suggest that Mn?*-doped PeLEDs could be implemented in lighting or
display applications. However, device stability is also important to consider. We find that introducing
TFPPO compromises the stability of Mn?*-doped PeLEDs—a decrease from 37.0 to 2.54 min. By analyzing
both the optoelectronic and photophysical characteristics of Mn2*-doped PeLEDs before and after device
operation, we report insights into this efficiency-stability trade-off.

SUMMARY

Although perovskite light-emitting diodes (PeLEDs) have demonstrated external quantum efficiencies (EQEs)
well over 20%, their instability limits their commercial viability. Incorporating transition-metal dopants has
previously improved the brightness, stability, and efficiency of PeLEDs. Here, we dope Mn?* ions into a
quasi-bulk 3D perovskite and introduce tris(4-fluorophenyl)phosphine oxide (TFPPO) to achieve a 14.0%
peak EQE and 128,000 cd/m? peak luminance. Whereas incorporating TFPPO into PeLEDs dramatically in-
creases their EQE, it also severely compromises their stability. At a 5 mA/cm? electrical current bias,
PeLEDs fabricated without TFPPO (2.97% EQE) and with TFPPO (14.0% EQE) decay to half their maximum
luminance in 37.0 and 2.54 min, respectively. In order to investigate this trade-off in EQE and stability, we
study both photophysical and optoelectronic characteristics before and after PeLED electrical operation.
Although Mn?*-doped PeLEDs hold the potential to enable bright and efficient lighting, device stability degra-
dation mechanisms require further investigation.

INTRODUCTION

Metal halide perovskite semiconductors are promising candidates
for next-generation optoelectronic devices such as solar cells, ' la-
sers,” and light-emitting diodes.® This class of semiconductor is
distinguished by its bandgap tunability, sharp color purity, high
photoluminescence quantum yield (PLQY), high charge carrier
mobilities, and inexpensive solution processing.” In 2014, one of
the first perovskite light-emitting diodes (PeLEDs) was demon-
strated with an external quantum efficiency (EQE) below 1%,°
prompting further investigations to improve device efficiencies.
The efficiency of PeLEDs has grown rapidly since then, resulting
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in EQEs exceeding 20% for green®® and longer” "' wavelengths
and 15% and 0.4% for blue'? or shorter'® wavelengths, respec-
tively. Across all wavelength regimens, the rise in PeLED efficiency
is driven by a substantial increase in material,>®'* interface, '>'®
and device architecture optimizations.'”~"°

Metal halide perovskites have an ABX; structure, where Ais an
organic (e.g., methylammonium MA"), inorganic (e.g., Cs*), or
hybrid (e.g., Cso sMAq5*) cation; B is typically Pb?* or Sn?*; and
Xis a halide anion (e.g., I, Br~, CI"). Introducing B-site dopants
into the metal halide perovskites’ ABX; lattice has been shown to
improve optoelectronic properties, resulting in higher EQE de-
vices.?°" For instance, Liu et al.>” doped Ni?* ions into CsPbl,
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Figure 1. (PEABr)o.2Cso.4MAg ¢Pbo;Mng 3Br; perovskites treated
with TFPPO

(A) Chemical structure of the TFPPO additive.

(B) Photoluminescence quantum vyield of Mn?*-doped perovskites with
increasing TFPPO-treated concentration.

(C) Photograph of perovskite films under 365 nm light in ambient air.

nanocrystals to achieve PLQYs exceeding 95% and improved
material stability, leading to efficient red PeLEDs. In addition,
we have previously investigated the effects of Mn?* dopants on
both perovskite nanocrystals'”*"?® and thin films.?*"*° We found
that Mn?* dopants improve the brightness, EQE, and stability of
PeLEDs based on quasi-bulk 2D/3D perovskites. These bright-
ness, efficiency, and stability improvements can be explained
by Mn?* dopants enhancing the perovskite’s PLQY, promoting
uniform growth of the perovskite layer, and increasing the activa-
tion energy of ion migration, respectively.”®*°

Recently, a new class of molecular additives has shown great
promise to further improve PeLED efficiencies. Phosphine oxide
additives, particularly triphenylphosphine oxide (TPPO) and its de-
rivatives, have substantially improved PeLED efficiencies.®*°
Within this molecular additive class, the P=0O moiety coordinates
with Pb®* to reduce surface defect states.®’ As a result, nonradia-
tive recombination pathways are diminished, leading to improved
device EQE. For example, Xu et al.*° fabricated TPPO-treated
sky-blue PeLEDs with an emission peak at 488 nm and a maximum
EQE 0f 9.5%. Tris(4-fluorophenyl)phosphine oxide (TFPPO), a fluo-
rinated TPPO derivative, was incorporated into green PeLEDs by
Ma et al.® Again, the P=O moiety served as a surface passivating
agent to lower defect densities, yielding a 25.6% EQE green
PeLED. Although there is significant evidence that TPPO additives
and its derivatives largely serve to passivate surface defects via co-
ordination with Pb?*, the additives’ effects on other cations (both in
the A and B site) are not well understood and require further inves-
tigation before being universally adopted.’

B-site dopants and phosphine oxide additives have played a
crucial role in enhancing PeLED efficiency. However, the opera-
tional stability of PeLEDs is ultimately the greatest obstacle
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limiting their commercial viability.*> Although several potential
explanations for limited PeLED stability have been identified,
including joule heating,'®*® interfacial reactions,**° ion migra-
tion,?>*58 and charge injection imbalance,*>° the exact
causes are still being investigated. Most efficiency-optimized
green PeLEDs report operational lifetimes on the order of a few
hours,®*"™** which is not competitive with mature organic*’
and I1I-V*® light-emitting diode technologies. Careful consider-
ation of both device efficiency and stability will be required to
enable PeLED technologies for commercial applications.

Inthis work, we investigate the effects of TFPPO on Mn?*-doped
organic-inorganic hybrid quasi-bulk 3D (PEABr)g 2Csg 4MAg sPbg 7
Mng 3Brs thin films and its corresponding PeLED configuration.
With optimized TFPPO treatment, we are able to boost the PLQY
and efficiency of the Mn2*-doped thin film and Mn?*-doped
PeLED, respectively. However, we find that the stability of the effi-
ciency-optimized PeLEDs is significantly worse than PeLEDs
without TFPPO treatment. To further uncover these effects, we
measure repeated electrical scans and time-resolved photolumi-
nescence (TRPL) spectra under identical electrical degradation
conditions for all TFPPO-treated PeLEDs. We find that with higher
TFPPO-treated concentrations, there is decreased robustness in
operational luminance (Loger.), Maximum luminance (Lmay), turn-
on voltage (Von), device resistance (Rqev), and average decay life-
time (tayg) under identical electrical degradation conditions. This
work demonstrates the potential of bright, efficient, B-site-
engineered PeLEDs for lighting and display applications while
also providing insight into potential strategies for mitigating the
detrimental effects of TFPPO on the stability of Mn?*-doped
PeLEDs.

RESULTS AND DISCUSSION

In this work, we replace 30% of the lead in all of our perovskite pre-
cursor solutions with manganese, resulting in organic-inorganic
hybrld qUaSI-bUIk 3D (PEABr)02C504MA06Pb07Mn038r3 thin
films. We introduce TFPPO (Figure 1A) to the thin films by dissolv-
ing it in the chloroform antisolvent, focusing primarily on 0, 5, 10,
and 20 mg/mL TFPPO concentrations. We are able to synthesize
TFPPO through the oxidation of tris(4-fluorophenyl)phosphine
(TFPP) (Figure S1A) and confirm its structure by its 'H-NMR spec-
trum (Figure S1B). Previously, we demonstrated a PLQY of 27 % for
(PEABF)g 5Csg 4MAqg 6Pbg. 7Mng 3Br3 thin films treated with a pure
chloroform antisolvent.?° Figure 1B shows a general increase in
PLQY with increased TFPPO-treated concentrations achieving a
maximum of 66% for the 10 mg/mL TFPPO concentration. We
note that the 0 mg/mL PLQY of 8.9% is lower than previously re-
ported”® (27%) because we annealed the thin film as if it would
be used in the PeLED configuration discussed later. In addition,
Figure 1C shows all four TFPPO-treated perovskite thin films
excited by 365 nm light. Lastly, AFM images from Figure S2 sug-
gest that TFPPO treatment may alter the morphology of the
Mn?*-doped thin films.

Next, we incorporate the Mn?*-doped thin films in a PeLED
configuration given the general improvement in film brightness
with TFPPO treatment. We employ a device architecture consist-
ing of indium tin oxide (ITO; as the anode)/poly(3,4-ethylenedioxy-
thiophene)polystyrene sulfonate (PEDOT:PSS) mixed with Nafion
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Figure 2. Green Mn?*-doped perovskite LED performance

(A) Device structure schematic of TFPPO-treated (PEABr) 2Cso.4MAg 6Pbo.7Mng 3Brs PeLEDs.

(B) PeLED energy band diagram. The energy levels of the transport layers are from Ma et al.,® and the electrode work functions are from Gangishetty et al.”° The
energy levels of the perovskite layer were previously reported by Gangishetty et al.*°

(C) Electroluminescence spectra of TFPPO-treated PeLEDs. Inset photograph shows a representative PeLED during operation.

(D and E) J-V-L (D) and EQE (E) characteristics of TFPPO-treated PeLEDs.

(F) Statistical distributions of maximum EQEs of TFPPO-treated PeLEDs. The number of devices in each distribution is annotated, and champion EQE devices are

marked with a star.

perfluorinated ionomer (PEDOT:PSS:PFI, as the hole-transport
layer)/lithium fluoride (LiF; as a 1.5 nm ultrathin underlayer)/
(PEABT) 2Csg 4MAgsPbg7Mng3Brs (as the perovskite active
layer)/tris[2,4,6-trimethyl-3-(pyridine-3-yl)phenyllborane

(BTPYMB; 40 nm of 3TPYMB, as the electron-transport layer)/
lithium fluoride (LiF; as the electron-injection layer)/aluminum (Al,
as the cathode). This structure is summarized in Figure 2A. We
incorporate an ultrathin LiF underlayer to suppress photolumines-
cence quenching that occurs at the interface between the perov-
skite layer and adjacent transport layers, ' reduce PeLED leakage
current,*” and improve the solution-based deposition of the perov-
skite layer by increasing its wettability.'®*"® In addition, the en-
ergy band diagram shown in Figure 2B shows the careful band
alignment of both the electron-transport and hole-transport layers
with the conduction and valence band edges of the perovskite,
respectively. Figure 2C shows the electroluminescence of the
four TFPPO-treated Mn2*-doped PeLEDs with the inset depicting
a representative TFPPO-treated PeLED with a device area of
4 mmZ. The EL peaks of the four devices lie between 518 and
521 nm. J-V-L and EQE characteristics are depicted for the cham-
pion efficiency devices at each TFPPO concentrationin Figures 2D
and 2E, respectively. Although the PLQY of the 0 mg/mL TFPPO-
treated film is substantially lower than that of the 20 mg/mL
TFPPO-treated film, the L,as of the corresponding PeLEDs of
70,400 and 75,100 cd/m?, respectively, are comparable, suggest-

ing different charge injection efficiencies. The champion efficiency
PeLEDs shown in Figure 2D achieve luminances as high as
98,800 cd/m?. The champion brightness PeLEDs shown in Fig-
ure S3 achieve a L,ax of 128,000 cd/m?, which is among the high-
est luminances reported for PeLEDs.®**%° In Figure 2E, the peak
EQEs of the 0, 5, 10, and 20 mg/mL TFPPO-treated devices are
2.97%,7.74%, 11.3%, and 14.0%, respectively, showing a nearly
5-fold enhancement from 0 to 20 mg/mL TFPPO treatment. In
addition, Figure S4 shows all Mn?*-doped PelEDs achieve an
EQE of over 1% for current densities of over 1,000 mA/cm?,
enabling high brightness irrespective of TFPPO treatment.
We also study the J-V-L and EQE characteristics of 30 and
40 mg/mL TFPPO-treated PeLEDs as shown in Figures S5A and
S5B. Because the 20 mg/mL TFPPO-treated PeLED demon-
strates a peak EQE of 14.0% and the 30 and 40 mg/mL TFPPO-
treated PeLEDs achieve peak EQEs of 11.6% and 10.7 %, respec-
tively, one can see that increased TFPPO treatment will not
enhance device efficiencies any further. Finally, we demonstrate
the reproducibility of the TFPPO-treated PeLEDs in Figure 2F
through EQE device statistics across a total of 122 devices.
Now, we look toward characterizing the operational stability of
these same Mn?*-doped PeLEDs. In order to fairly compare®°
the operational lifetimes of the various TFPPO-treated PeLEDs,
we define the following stability terms. The Tso metric (i.e., initial
luminance half-lifetime) is defined as the time it takes the PeLED
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Figure 3. Operational stability of TFPPO-treated PeLEDs

(A) Luminance evolution in time of TFPPO-treated PeLEDs measured at an electrical current bias of 5 mA/cm?. Each curve is normalized to its luminance att=0's.
Champion operational stability PeLEDs are shown. Dashed lines denote unadjusted maximum luminance half-lifetimes (unadjusted Tso'), whereas the in-
tersections of the curves and the solid horizontal black line denote initial luminance half-lifetimes (Ts).

(B) Adjusted maximum luminance half-lifetime statistics of TFPPO-treated PeLEDs. The number of devices in each distribution is annotated, and champion

operational stability devices are marked with a star.

(C) The trade-off between EQE and adjusted maximum luminance half-lifetimes across TFPPO-treated concentration. Champion operational stability devices at
an electrical current bias of 5 mA/cm? are compared with champion EQE devices.

to degrade to half of its initial luminance. Because luminance
overshoot, the phenomenon in which an LED’s luminance may
increase during operation, is prevalent in PeLED operation, we
also consider a Tsy’ metric. The unadjusted Tso' time is defined
as the time at which the PeLED has degraded to half of its
Lmax- The adjusted Tsq' time (i.e., adjusted Lyax half-lifetime) sim-
ply considers the time at which the PeLED reaches its L5« and
sets this time to t = 0. We report both Tsg and adjusted Tsy’ met-
rics for all TFPPO-treated PeLEDs but will primarily focus on
adjusted Tso' times. In Figure 3A, the operational stability of
TFPPO-treated PeLEDs is characterized at an electrical current
bias of 5 mA/cm?. The Tso times show a monotonic decrease
with increasing TFPPO-treated concentration, with 0, 5, 10,
and 20 mg/mL champion stability PeLEDs achieving Tso times
of 90.7, 14.3, 3.93, and 2.54 min, respectively. Because the de-
gree of luminance overshoot also decreases with increasing
TFPPO-treated concentration, we focus on the adjusted Ts¢’
times of 37.0, 12.2, 3.43, and 2.54 min for the 0, 5, 10, and
20 mg/mL TFPPO-treated champion stability devices, respec-
tively. Figure S6 shows the corresponding electroluminescence
spectra evolution in time that further illustrates how the adjusted
Tso' times are extracted, as well as the strong spectral stability of
all TFPPO-treated PeLEDs. Comparing the adjusted Ts¢' times of
the 0 mg/mL (37.0 min) and 20 mg/mL TFPPO-treated PeLED
(2.54 min), the EQE-optimized 20 mg/mL TFPPO-treated
PeLED’s champion stability is reduced by nearly a factor of 15.
To ensure the reliability of our conclusions, we also report stabil-
ity device statistics based on the adjusted Tsy' times for all
TFPPO-treated PeLEDs biased at 5 mA/cm? in Figure 3B, where
one can see that across 30 PeLEDs there is a clear impairment of
device stability with increased TFFPO-treated concentration.
Furthermore, Figure S5C shows that higher TFPPO concentra-
tions can further reduce PeLED operational stability, because
both 30 and 40 mg/mL TFPPO-treated PeLEDs degrade to half
of their Liwax in less than 1 min of operation at an electrical current
bias of 5 mA/cm?. In Figure S7, we also characterize the opera-
tional stability of TFPPO-treated PeLEDs at a higher electrical
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current bias of 10 mA/cm?. Both the luminance decay curves
and stability device statistics reaffirm the trends observed at 5
mA/cm?. Similarly, we also report the electroluminescence
spectra evolution in time for the devices biased at 10 mA/cm?
in Figure S8. Finally, we compare the adjusted Tso' times from
the champion stability PeLEDs with the peak EQEs of the cham-
pion efficiency PeLEDs in Figure 3C to illustrate the trade-off be-
tween efficiency and stability in Mn?*-doped PeLEDs. We sum-
marize the device metrics associated with efficiency and stability
of 0, 5, 10, and 20 mg/mL TFPPO-treated PeLEDs in Table 1.
To further investigate this trade-off between the peak EQE and
adjusted Tso' time of TFPPO-treated an*-doped PeLEDs, we
endeavor to uncover the evolution of PeLED optoelectronic
properties with respect to cumulative electrical degradation.
Previously, Warby et al.®’ studied a similar trade-off in efficiency
and stability as it related to phenethylammonium bromide con-
centration within a CsPbBrz PeLED platform by analyzing
J-V-L characteristics before and after electrical degradation.
We operate our TFPPO-treated PeLEDs at an electrical current
bias of 10 mA/cm? for a total of 30 cumulative minutes. In
Figures 4A-4D, we probe the optoelectronic properties of
TFPPO-treated PeLEDs by measuring a J-V-L scan after 0, 2, 4,
8, and 16 min of operation (i.e., measured att =0, 2, 6, 14, and
30 min) for a total of five J-V-L scans corresponding to 30 min of
cumulative electrical operation. With increasing TFPPO-treated
concentration, we notice several PeLED optoelectronic properties
degrade with device operation time, such as turn-on voltage (Von,
defined as the voltage when L = 1 ¢d/m?), Limax, Loper. (L@ J =10
mA/cm?), and Rgey (@ ~ J = 10 mA/cm?). In Figure 4E, AV,
(i.e., Von — Von, t = o) is generally higher with increasing TFPPO-
treated concentrations. This could imply that charge carrier injec-
tion worsens with increasing TFPPO-treated concentrations.® In
particular, the 0 mg/mL TFPPO-treated PeLED’s AV, is much
lower than the other three PeLEDs after 30 min of operation. Fig-
ure 4F shows that L. degrades more rapidly with higher concen-
trations of TFPPO and that after 30 min of operation, the 0 mg/mL
TFPPO-treated device is more efficient (i.e., has a higher EQE) than
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Table 1. Summarized device metrics of TFPPO-treated PeLEDs

Omg/mL  5mg/mL 10mg/mL 20 mg/mL
Device metric TFPPO TFPPO TFPPO TFPPO
EL peak 519 nm 519 nm 518 nm 521 nm
FWHM 19 nm 19 nm 18 nm 17 nm
Maximum EQE 2.97% 7.74% 11.3% 14.0%
Maximum 70,400 62,800 98,800 75,100
luminance cd/m? cd/m? cd/m? cd/m?
J =10 mA/cm?
Txo lifetime 24.5 min 5.51 min 1.68 min 1.38 min
Adjusted (Adj.) 15.3min  4.67 min  1.55 min 1.38 min
Tso' lifetime
J =5 mA/cm?
Tso lifetime 90.7 min 14.3 min  3.93 min 2.54 min
Adj. Tso' lifetime  37.0min 122 min  3.43 min 2.54 min

Device metrics are from Figures 2, 3, and S7.

the 5 and 10 mg/mL TFPPO-treated devices. We note that Warby
et al.°" reported their trade-off between efficiency and stability
based on the evolution of their PeLEDs’ EQE, which we also see
indirectly in Figure 4F. Moreover, we also consider the amount of
light generated from the PeLEDs as they degrade to half of their
maximum Loper. (i.€., unadjusted Tsy' time). We calculate unad-
justed Ts¢' times of 40.4, 5.1, 3.6, and 2.5 min for the 0, 5, 10,
and 20 mg/mL TFPPO-treated PeLEDs, respectively, via linear
extrapolation and interpolation of the Lyper. curves in Figure 4F.
We note that the unadjusted Tso' times of these PeLEDs achieve
a higher value than that of their respective champion stability de-
vices operated at J = 10 mA/cm? but are not included in the device
stability statistics because of electrical scans being measured as
the device is operated. Next, the amount of light generated from
the PeLEDs is directly proportional to the integration of the Lper.
curves fromt=0to their respective unadjusted Ts(' times. Theinte-
gration yields values of 3,862, 2,150, 3,449, and 3,179 cd-min/m?
for the 0, 5, 10, and 20 mg/mL TFPPO-treated PeLEDs, respec-
tively. Thus, all four devices emit a similar amount of light as they
decay to half of their maximum L. despite lower TFPPO-treated
devices starting with a lower Lo Next, in Figure S9A, we see that
Lmax also degrades more rapidly with increased TFPPO-treated
concentrations, implying that lower TFPPO-treated PeLEDs are
more robust for high-brightness applications. Figure S9B shows
ARgev (i-€., Rgev — Raev, t = 0) With device operation time. All of the
TFPPO-treated PeLEDs show a general increase in ARye, except
the 0 mg/mL PeLED, which has robust Rye,. After 30 min of oper-
ation, the 0 mg/mL PeLED also demonstrates an overall decrease
in Rgey, Which is not seen in the other TFPPO-treated PeLEDs. An
increased Ryey Can suggest either a decrease in charge mobility in
the perovskite or charge transport layers or an increased barrier to
injected charges originating from one or both contacts.

In addition, we also consider the amount of electrical energy
introduced to the TFPPO-treated PeLEDs as they decay to half
of their maximum Loper.. The electrical power of these devices
is derived using the Rge s from Figure S9B and the operational
current as shown in Figure S10. The 0 mg/mL TFPPO-treated
PeLED does not decay to half of its Liax in Figure 4F within
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30 min, but alower bound of 0.802 mWh of electrical energy intro-
duced as it decays is calculated. Next, the 5, 10, and 20 mg/mL
TFPPO-treated PeLEDs all reach half of their maximum (i.e.,
initial) Loper. between 2 and 6 min of cumulative electrical opera-
tion as shown in Figure 4F. Similarly, an upper bound on the elec-
trical energy introduced to these TFPPO-treated PeLEDs can be
calculated by considering the energy supplied fromt=0tot =
6 min. Using Figure S10, the upper bound of electrical energy
introduced to the 5, 10, and 20 mg/mL TFPPO-treated PeLEDs
as they decay to half of their maximum Lgper. is 0.163, 0.149,
and 0.164 mWh, respectively. Thus, the 0 mg/mL TFPPO-treated
PeLED is introduced to, at minimum, approximately five times
more electrical energy than the 5, 10, and 20 mg/mL TFPPO-
treated devices as they decay to half of their maximum Lgper..
Furthermore, this implies that the 0 mg/mL TFPPO-treated
PeLED is more stable than the 5, 10, and 20 mg/mL TFPPO-
treated PeLEDs considering supplied electrical energy, which
adds another dimension to the efficiency-stability trade-off.

Next, we aim to uncover a photophysical understanding of this
efficiency-stability trade-off in Mn?*-doped PelLEDs by con-
ducting TRPL measurements. We initially measure both TRPL
and PLQY characteristics of a pristine TFPPO-treated PeLED,
followed by electrical operation for 1 h at J = 10 mA/cm?,
concluding with subsequent TRPL and PLQY measurements
on the degraded device. Figure 5 shows the TRPL decay curves
of all TFPPO-treated PeLEDs according to the aforementioned
procedure. We then model the PL intensity with a biexponential
model,'®°%°* where A and B are amplitudes for each exponential
and 7 and T, are the extracted decay lifetimes:

I = Aexp(—t/711)+Bexp(—t/ ). (Equation 1)
Tavg IS an amplitude-weighted lifetime average defined as
follows:

Tag = (A/(A+B))r1+(B/(A+ B))72. (Equation 2)

Here, 74 is a fast decay related to trap-assisted nonradiative
recombination at the grain boundaries within the perovskite,
whereas T, is a slow decay related to radiative recombination in-
side the grains of the perovskite.'®°° Table 2 summarizes the 7,
T, and T,g for the four devices depicted in Figure 5 at a fluence
of approximately 60 pJ/cm?. For all PeLEDs treated with a non-
zero concentration of TFPPO, the contribution of 74 (i.e., A/(A +
B)) increases after electrical operation. Ma et al.® previously
showed that the P=0O moiety from TFPPO passivates the perov-
skite grain boundaries via coordination bonding with unsatu-
rated sites. Thus, we hypothesize that a significant portion of
the material degradation occurs at the perovskite grain bound-
aries in the 5, 10, and 20 mg/mL TFPPO-treated PeLEDs, but
further studies are required. In general, the 75,4 of higher
TFPPO-treated PeLEDs decreases more significantly with de-
vice operation. This is largely due to the impairment of 7,'s life-
time and overall contribution to 7,,4. For all PeLEDs except the
0 mg/mL TFPPO-treated device, the amplitude-weighted contri-
bution from 1, decreases after 1 h of device operation. Figure S11
shows the time-resolved PL spectra, which further illustrates this
larger suppression of the delayed fluorescence with higher
TFPPO-treated concentration. Although the decay curves are
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A B Figure 4. Optoelectronic parameter evolu-
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modeled well in Figure 5D, Figure S11G shows that a portion of
the delayed fluorescence is not captured for the 20 mg/mL
TFPPO-treated device. Thus, we also measure the TRPL of a
20 mg/mL TFPPO-treated PeLED using a lower repetition rate
in Figure S12 with extracted lifetime parameters summarized in
Table S1. At this lower repetition rate, we still see a substantial
impairment of 75,4 With device operation. In order to ensure
that these dynamics are not fluence dependent, we repeat the
experiment at a higher fluence as shown in Figure S13 and sum-
marized in Table S2. We can see that 75,4’s evolution follows the
same general trend as in Figure 5.

Finally, we study the evolution of the PLQY of TFPPO-treated
PeLEDs both before and after 1 h of electrical operation at J = 10
mA/cm?. The PLQY of the 10 mg/mL TFPPO-treated PeLED de-
creases after electrical operation, whereas both the t1 and 7, life-
times increase. This can be explained by both the larger increase
and decrease in the amplitude-weighted factors associated with
the 74 and 7, lifetimes, respectively, as compared with the other
TFPPO-treated PeLEDs. Thus, the 10 mg/mL TFPPO-treated
PeLED’s recombination dynamics are more dominated by non-
radiative recombination processes after electrical operation
compared with the other TFPPO-treated PeLEDs, which explain
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increased TFPPO treatment is more se-

verely impaired as compared with de-
creased TFPPO treatment in Mn?*-doped PeLEDs under iden-
tical electrical operating conditions. Furthermore, this explains
why the higher TFPPO-treated PeLEDs initially perform better,
as shown in Figure 2, but these performance gains are not resil-
ient under identical operating conditions, as shown primarily in
Figures 3 and 4.

Conclusions

In this work, we have systematically studied the effects of TFPPO
on Mn?*-doped PeLEDSs’ efficiency and stability. Although TFPPO
canincrease the PeLED’s EQE by nearly 5-fold, its operational sta-
bility is degraded by nearly 15-fold. In general, under identical
electrical degradation conditions, the optoelectronic properties
(i.e., Von, Loper., Lmax, @nd Rge,) of higher TFPPO-treated Pel EDs
degrade to a larger extent as compared with lower TFPPO-treated
PeLEDs. In addition, TRPL characteristics show that the slower
lifetime associated with radiative recombination in TFPPO-treated
PeLEDs is substantially suppressed with identical electrical oper-
ating conditions, which in turn forfeits efficiency-boosting proper-
ties from the TFPPO treatment. These results simultaneously
illustrate the potential of efficient B-site doped metal halide perov-
skites for light emission (see Table S3) while also suggesting that
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further investigations are needed to mitigate stability degradation
mechanisms induced by TFPPO treatment.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed
to and will be fulfilled by the lead contact, Daniel N. Congreve (congreve@
stanford.edu).

Materials availability

All commercially available starting reagents and solvents were used directly
without further treatment unless otherwise specified.

Data and code availability

The published article includes all data analyzed in this study. Data are available
from the lead contact upon reasonable request.

Materials

Phenethylammonium bromide (PEABr) was purchased from Greatcell Solar Ma-
terials. Cesium bromide (CsBr; 99.999%), lead(ll) bromide (PbBr,, ultra dry,
99.999%), and anhydrous chloroform (CHCl3; extra dry, 99.9%) were purchased
from Thermo Fisher Scientific. Methylammonium bromide (MABr; >99%), man-
ganese(ll) bromide (MnBr,, 98%), TFPP (98%), hydrogen peroxide (30%, stabi-
lized), anhydrous dimethyl sulfoxide (DMSO; >99.9%), anhydrous N, N-dimethyl-
formamide (DMF; 99.8%), Nafion perfluorinated resin solution (1,700 W, 5wt % in
lower aliphatic alcohols and water, contains 15-20% water), and LiF (>99.99%)
were purchased from Sigma-Aldrich. Magnesium sulfate (MgSO,) and sodium
chloride (NaCl) were purchased from Fisher Scientific Company. PEDOT:PSS
(Clevios Al 4083) was purchased from Heraeus. 3TPYMB (>99%, sublimed)
was purchased from Luminescence Technology Corporation. Al (99.99%) pellets
were purchased from Kurt J. Lesker Company. All chemicals were used directly as
received.

Perovskite precursors

The following preparation was conducted inside a nitrogen-filled glovebox at
room temperature. 0.3 M stock solutions of PEABr, MABr, PbBr,, and
MnBr, were prepared by individually dissolving 0.6 mmol of each bromide pre-

60 80 100  TFPPO synthesis and NMR

characterization

The following reaction (Figure S1A) was performed
under nitrogen atmosphere according to the pro-
tocol reported by Ma et al.? A total of 2.00 g of TFPP (6.3 mmol) was dissolved
in 10 mL of CHCI3. Upon complete dissolution, 10 mL of 30% hydrogen
peroxide was added dropwise to the reaction flask over 2 min. The reaction
was vigorously stirred overnight at room temperature. The resulting crude
was extracted with another 15 mL of CHCl;. The chloroform layer was washed
twice with brine solution. The chloroform layer was dried using MgSO,, and the
resulting solution was gravity filtered. The solution was dried overnight at 70°C.
The yield was ~40%, and the resulting white powder was confirmed to be
TFPPO using "H-NMR in dg-DMSO solvent. One-dimensional 'H-NMR anal-
ysis (Figure S1B) was performed at room temperature using a Brucker Neo
500 MHz NMR spectrometer. "TH-NMR (500 MHz, DMSO-dg) 3 = 7.68 ppm
(m, 6H) and 7.41 ppm (ddt, J = 8.9 Hz, 6.6 Hz, 2.1 Hz, 6H).

Device fabrication

ITO patterned glass substrates (100-nm ITO thickness; 20 Q/square ITO resistance,
Ossila 20 x 15 mm ITO Glass Substrates) were cleaned sequentially via sonication
in deionized water, acetone, and isopropanol for 5 min per solvent. These sub-
strates were then dried under compressed air and transferred to a Jelight UV-
Ozone Cleaner to be further treated with O, plasma for 15 min immediately before
PEDOT:PSS:PFI spin coating. The mixed PEDOT:PSS:PFI solution was synthe-
sized by mixing 1.0 mL of 0.2 um PVDF syringe-filtered PEDOT:PSS and 1.2 mL
of Nafion perfluorinated resin solution and stirring at room temperature for 4 h prior
to spin coating. ITO patterned glass substrates and the PEDOT:PSS:PF stirred so-
lution were then transferred to a nitrogen-filled glovebox where 200 pL of
PEDOT:PSS:PFI was statically dispensed on the substrate. PEDOT:PSS:PFI was
then spin-coated at 500 rpm for 5 s, followed by a 1,000 rpm/s ramp, and a final
4,500 rpm step for 90 s. Next, all ITO/PEDOT:PSS:PFI substrates were annealed
together at 150°C for 20 min. Samples were then stored overnight to purge the ni-
trogen-filled glovebox of any residual moisture from PEDOT:PSS:PFI spin coating.
Next, the substrates were transferred to a high-vacuum thermal evaporation cham-
ber housed within a nitrogen-filled glovebox where 1.5 nm of LiF was deposited at a
rate of 0.07 A/s at a pressure of 8 x 10~ mbar. Then, 40 mg of TFPPO was dis-
solved in 2 mL of CHCI3 and stirred for 10 min to synthesize a 20 mg/mL TFPPO
stock solution. Stock solutions of 5 and 10 mg/mL TFPPO were synthesized by se-
rial dilution of the 20 mg/mL TFPPO solution. Similarly, 30 and 40 mg/mL TFPPO
stock solutions were derived from a 40 mg/mL TFPPO stock solution and CHCl5.
Next, 150 pL of the aforementioned final perovskite solution was statically
dispensed on the substrate and then spin-coated at 1,000 rpm for 10 s, followed
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Table 2. Extracted time-resolved PL parameters and PLQY evolution of TFPPO-treated PeLEDs before and after 1 h of electrical

operation at 10 mA/cm?

TFPPO concentration

™1 (MA +B))

72 (B/(A + B))

0 mg/mL
Pristine
Degraded
5 mg/mL
Pristine
Degraded
10 mg/mL
Pristine
Degraded
20 mg/mL
Pristine
Degraded

0.667 ns (89.8%)
0.478 ns (83.1%)

0.774 ns (77.0%)
0.649 ns (80.3%)

2.13 ns (70.9%)
2.94 ns (92.7%)

3.42 ns (73.7%)
2.20 ns (75.4%)

5.15 ns (10.2%)
2.53 ns (16.9%)

3.55 ns (23.0%)
3.13 ns (19.7%)

11.3 ns (29.1%)
19.8 ns (7.3%)

19.2 ns (26.3%)
11.3 ns (24.6%)

Tavg r? Fluence PLQYpegraded
PLQY pristine
57.3 pJ/cm? 0.833
1.12 ns 0.9893
0.825 ns 0.9973
57.3 pJ/cm? 0.674
1.41 ns 0.9972
1.14 ns 0.9969
60.2 pJ/cm? 0.574
4.80ns 0.9976
417 ns 0.9913
60.2 pJ/cm? 0.357
7.57 ns 0.9966
4.44ns 0.9983

Extracted time-resolved PL parameters are from Figure 5.

by a600 rpm/s ramp and a final 2,800 rpm step for 45 s. At 30 s after the beginning of
this spin-coating deposition, 90 pL of the chloroform antisolvent (0 mg/mL TFPPO,
5 mg/mL TFPPO, 10 mg/mL TFPPO, 20 mg/mL TFPPO, 30 mg/mL TFPPO, or
40 mg/mL TFPPO) was quickly dripped onto the substrates. The authors highly sug-
gest replacing the foil in the spin-coater bowl after every processed substrate
because we found this crucial for the fabrication of reproducible devices. The perov-
skite film thicknesses were measured to be 84.5 + 9.97 nm across all TFPPO-
treated concentrations. Then, all the ITO/PEDOT:PSS:PFI/LiF/(PEABI)y2Cso.4
MAg 6Pbg 7Mng 3Brs samples were annealed together at 80°C for 10 min to remove
any residual solvents. After the substrates cooled down to room temperature, they
were then transferred to a high-vacuum thermal evaporation chamber housed
within a nitrogen-filled glovebox where 40 nm of 3TPYMB, 1 nm of LiF, and
60 nm of Al were sequentially deposited at arate of 2.5, 0.05, and 3,&/3, respectively,
at a pressure of 8 x 10~ mbar.

Device characterization
Fully fabricated devices were encapsulated using a coverslip (Ossila) and ultraviolet
epoxy (EPO-TEK OG159-2) before device measurements. Electroluminescence
spectra were captured using an Ocean Insight QE Pro with 400 pA sourced to
the device from a Keithley 2400. Operational stability curves were gathered using
the same setup by sourcing either 400 pA (10 mA/cm?) or 200 pA (5 mA/cm?) of con-
stant current and measuring the electroluminescence every 6 s of device operation.
J-V-L characteristics were captured using an HP4145A and a calibrated Thorlabs
photodiode (FDS1010-CAL) mounted just above the face of the device. The device
(2 mm x 2 mm) is much smaller than the photodiode, which is smaller than the ITO
patterned glass substrate. The photodiode is housed within a black 3D printed hold-
er in order to prevent the collection of wave-guided light. Together, these two con-
ditions ensure that EQE characteristics are not overestimated.”**°

Repeated J-V-L scans shown in Figures 4A-4D were captured using the
same protocol listed above. In addition, an electrical current bias of 10 mA/
cm? and 30 min of cumulative operation time was chosen based on the lumi-
nance lifetimes at 10 mA/cm? of the TFPPO-treated PeLEDs shown in Table 1,
where all four devices achieve Tsq and adjusted Ts¢' times less than 30 min.
Also, because the shortest lifetime we reported at this electrical operating con-
dition is 1.38 min, we designed our experiment such that we measured the first
successive J-V-L scan after 2 min of operation. We also opted for a logarithmic
spacing in operation time between J-V-L scans because the luminance decays
of our PeLEDs followed a quasi-exponential decay (Figure S7A).

Structural and optical characterizations

AFM measurements were gathered in ambient air using a Bruker Dimension Icon
ScanAsyst with PeakForce mode. The PLQY of both the perovskite films and fully
fabricated devices were measured in an integrating sphere (Labsphere) excited
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by a 405 nm laser (MDL-III-405-100 mW; HJ Optronics) following de Mello
et al.®” The integrating sphere and spectrometer (QE Pro; Ocean Insight) were
calibrated using a radiometric calibration source (HL-3P-INT-CAL; Ocean
Insight). Perovskite films were unencapsulated, whereas fully fabricated devices
were encapsulated. In addition, all components were calibrated against a cali-
brated Newport photodetector.’’ Time-resolved PL measurements were
captured on fully fabricated devices as a function of time on a Hamamatsu
C10627 streak unit coupled with a SP2150i spectrograph and C9300 digital cam-
era. The excitation source was a Hamamatsu pulsed 379 nm laser with a 20 MHz
repetition rate (0 and 5 mg/mL TFPPO-treated devices), 5 MHz repetition rate (10
and 20 mg/mL TFPPO-treated devices), or 2 MHz (Figure S12) repetition rate. In
order to ensure proper modeling of the extracted lifetimes,*® particularly the fast
74 lifetime, we also report the instrument response functions (IRFs) for all repeti-
tion rates used in Figure S14. We saw that all reported lifetimes are larger than the
IRF lifetime at any given repetition rate. This also explains why both 5 and 2 MHz
repetition rates were needed for the 20 mg/mL TFPPO-treated PeLED.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
device.2023.100017.
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