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Phosphine-Oxide Modulator Ameliorates Hole Injection for Blue
Perovskite Light-Emitting Diodes

Xiangyang Fan,® Yu Wang,® Xinyu Shen,*“¢ Zhongkai Yu,® Woo Hyeon Jeong,® Ji Won Jang,® Yeong
Gyeong Kim,? Seung-Je Woo, Hyungju Ahn,8 Hyosung Choi,® Tae-Woo Lee, Sung Heum Park,? Feng
Gao,? and Bo Ram Lee*¢

Incongruously with enormous developments in perovskite light-emitting diodes (PeLEDs) recently, efficient blue PeLEDs
have widely been considered a critical challenge due to the non-radiative recombination and unbalanced charge injection
caused by the unmatched carrier mobility and the deep hole injection barrier between the hole transport layer (HTL) and
emissive layer (EML). Here, we incorporate tris(4-trifluoromethylphenyl)phosphine-oxide (TMFPPO) obtained through a
facile oxidation synthesis process into poly(9-vinylcarbazole) (PVK). TMFPPO incorporation modulates the energy level and
hole mobility of the binary-blend HTLs to eliminate the hole injection barrier and balance charge injection within EML.
Consequently, the blue PeLEDs with blended HTL present an external quantum efficiency (EQE) of 7.23% centred 477 nm,
much higher than the EQE of a PVK device (4.95%). Our results demonstrate that modulating the energy level as well as the

charge injection of the HTL in the device is a promising method for obtaining efficient blue PeLEDs.

Introduction 20

Metal halide perovskites have attracted enormous attention owigg'L
to their unique optical properties, such as impressive broad coloaz
gamut, high colour purity, and photoluminescence quantum yielag’
(PLQYs).1> These merits emphasize the potential applications %fl
perovskite light-emitting diodes (PeLEDs) in next-generation displ

and illumination.®12 Despite the considerable advances in enhancigé
the external quantum efficiencies (EQEs) of green (30.84%), rgt;
(25.8%), and near-infrared (23.8%) PeLEDs,'3-1° the current highe%g
EQE of blue PeLEDs (~480 nm) is only 18.65%,% lagging far behifd®
those of narrow bandgap PeLEDs and slowing the path to the?‘]p
application in full-colour displays.?:2” Among the perovskite fam?f}
members, quasi-two dimensional (2D) perovskites exhibit a desirabi_2
film morphology with low roughness and high coverage, as well §§
enhanced radiative recombination rates benefiting from stror?l’g4
charge carrier confinement and large exciton binding energie?tl;,5
making them highly efficient materials for blue PeLEDs.28-30 Howevet,
the quasi-2D blue PelLEDs are suffering from imbalanced charée7
injection due to unmatched carrier mobility and large hole injectigﬂg
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barrier between the highest occupied molecular orbital (HOMO)
levels of hole transport layer (HTL) and perovskite emissive layer
(EML). These interface,
nonradiative recombination, Joule heating and device degradation

induce charge accumulation at the

under bias voltage,31-33 ultimately causing a decrease in operational
lifetime and spectral stability.34 35

Various strategies to balance the charge injection of quasi-2D
blue PeLEDs have been explored, including interface modification
and device architecture optimization. For example, Choy et al.
introduced a thin layer of poly(sodium-4-styrene sulfonate) on NiOx
to form a bilayer HTL structure to deep the HOMO level and boost
the hole injection of quasi-2D blue PelEDs, leading to an EQE of
1.45%.3% Drawing on the experience of green PeLEDs, perfluorinated
(PFI) dope poly (3,4-
ethylenedioxythiophene) : poly (styrenesulfonic acid) (PEDOT:PSS) or

ionomer has been used to
modify poly (9-vinylcarbazole) (PVK) to reduce the hole injection
barrier of blue PelLEDs.3” 33 The HOMO of PEDOT:PSS can be
modulated from -5.05 to -5.30 eV with L-phenylalanine, leading to a
peak EQE of 10.98% at 480 nm.3® In our previous work, 2-(4-
biphenyl)-5-(4-t-butyl-phenyl)-1,3,4-oxadiazole with HOMO at -6.2
eV was blended to PVK to boost the hole injection, leading to an EQE
of 4.53% .40 However, there are still hole injection barriers from the
HTL to perovskite EML in these works.

In this study, inspired by the deep HOMO level of phosphine
oxide derivatives exhibited in phosphorescent organic LEDs,*1*3 we
developed tris(4-trifluoromethylphenyl)phosphine-oxide (TMFPPO)
with a deep HOMO (-6.46 eV) by oxidizing tris(4-
trifluoromethylphenyl)phosphine (TMFPP). The presence of highly

level

electronegative fluorine is not only important for achieving a deep
HOMO level, but also improves the thermal stability of the HTL.44-46
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The TMFPPO was incorporated into the PVK layer to modulate tB@
energy level and hole mobility of the HTL for quasi-2D blue PeLE[33
Consequently, the LED with blended PVK:TMFPPO (9:1) H34
presented a peak EQE of 7.23% at 477 nm, much higher than the 4.35%
of the PVK device, benefiting from the barrier-free hole injection ang;
balanced hole-electron mobility in the perovskite layer. Taking tRe
advantages of a modulator with deep HOMO level and excellent hd®38
mobility is expected to facilitate the development of blue PeLEDs.39
40
41

As depicted in Fig. 1a, the TMFPPO was synthesized by oxidizing tﬁ%
TMFPP with hydrogen peroxide (H,0,) and purified via chlorofor
extraction (for details, see Supporting Information),*” where t
phosphine oxide functional and F can be used to obtain deep HOM
level.#5 48 49 Fourier transform infrared (FTIR) spectroscopy w
utilized to characterize the as-prepared product; the distin
absorption peak at 1174 cm~! can that can be observed in the purp %
curve that can be assigned to the stretching vibration of the P=
indicating the successful synthesis of TMFPPO (Fig. 1b). Tauc plats
and ultraviolet photoelectron spectroscopy (UPS) were subsequen
measured to feature the optical bandgap and the energy Ieveld§§

Results and discussion

TMFPPO (Fig. 1c).1350 The TMFPPO exhibits a wide bandgap of 4.
eV, and a deep HOMO level of -6.46 eV. Further, we fabricate
hole-only device using TMFPPO, with the structure of ITO / PED
PSS / TMFPPO / MoOs / aluminium (Al) (inset of Fig. 1d). Fig.
presents the current density-voltage (J-V) curve, from which the h
mobility can be estimated by space-charge-limited-current regi
(SCLC) with Mott-Gurney law , J = 9egouV2/(8L3), where y, J, &, 80,2;5
and L are the hole mobility, current density, relative dielectric
constant, vacuum permittivity, applied voltage and the thicknessg

00P~I20Y -

[o)=
UWONIHOO

HTL, respectively.>? By assuming that € = 3.5,%! the calculated ho
mobility of TMFPPO is 1.26 x 104 cm?2/(V-s), as shown in Table S1.Tn

addition, the holes can be injected favourably from the PEDOT:PSS
to HTL with the deep LUMO level, implying that PEDOT:PSS works as
a modification layer to promote carrier injection from ITO to HTL.

As discussed above, TMFPPO is a good candidate to regulate the
energy level and hole mobility of PVK. TMFPPO and PVK were
therefore solvated individually in chlorobenzene, blended at various
ratios and deposited on the PEDOT: PSS film via spin-coating process.
As the J-V curve of hole-only device displayed in the Figure S1, the
calculated hole mobility of PVK, PVK:TMFPPO (9:1) and PVK:TMFPPO
(7:3) is 1.04x105, 1.84x10%, and 2.73x10° cm?/(V-s), respectively.
The hole mobility was improved obviously with the incorporation of
TMFPPO. Although there is no obvious difference between the
optical bandgaps of different blended HTLs (Fig. 2a, Fig. S2 and Table
S2), the HOMO level of blended HTLs can be modulated continuously
through manipulating the PVK:TMFPPO ratio, benefiting from the
differences in HOMO levels (Fig. 2b and c). As seen in the UPS
spectrum in Fig. 2b, the HOMO energy level of pristine PVK was
determined to be -5.83 eV, while the blended HTLs exhibited HOMO
levels of -6.19 eV (9:1) and -6.36 eV (7:3), respectively (Fig. 2c).
Moreover, the charge injection in quasi-2D LEDs was investigated by
analysing the J-V curves of hole-only and electron-only devices with
CsPbBrs: PEACI: YCI3 as EML. The current density increased notably
with increasing TMFPPO ratio, implying an enhanced hole injection
efficiency (Fig. 2d). In particular, the J-V curve of the hole-only device
incorporating a PVK:TMFPPO ratio of 9:1 exhibited a close
resemblance to that of the electron-only device when the voltage is
higher than 3V (Fig. 2e). Notably, the hole-only device with
PVK:TMFPPO ratio of 7:3 displayed considerably higher current
density compared to that of electron-only device. Meanwhile, by
adding more TMFFPO into the PVK host, hole injection current can
be further enhanced, but it is suspected of a slight mismatch
between electrons and holes injection.
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Fig. 1 (a) The synthesis process of TMFPPO, (b) FTIR of TMFPP and TMFPPO, (c) UPS and Absorption of TMFPPO, (d) J-V curve of holy-only

device based on TMFPPO.
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Fig. 2 (a) Absorption of films with various HTLs (b) UPS of different HTLs, (c) Energy diagrams of different HTLs, (d) The J-V curves of hole-only
devices with the structure: ITO / PEDOT:PSS / blended HTLs / CsPbBr3:PEACIL:YCls / MoOs / Al. (e) J-V curve of a hole-only device with the
structure: ITO / ZnO / PEI / CsPbBr3:PEACI:YCl3 / 2,2',2""-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) / LiF / Al. (f) Absorption
spectra, (g) PL spectra, and (h) PL decay lifetime of quasi-2D perovskite film without and with different HTLs.

The impact of different HTLs on the perovskite photo properti2€
is depicted in Fig. 2f-h. As the UV-visible spectra shown in Fig. 2f, Il
perovskite films exhibited similar absorption peaks at 414 nm add
441 nm, corresponding to perovskite with n = 2 and n = B3
respectively, suggesting that the incorporation of TMFPPO does nb#
exert a significant influence on the phase distribution of quasi-A®
perovskite on different HTLs. Meanwhile, the PL spectra b6
perovskite films on bare glass and different HTLs are shown in Fig. &7
No obvious peak shift occurs in PL emission of perovskite will8

This journal is © The Royal Society of Chemistry 2023
3

different bottom layers, while the PL intensity is reduced with an
increase in the TMFPPO ratio, which can be attributed to the carrier
transfer from EML to HTL caused by the reduction in the energy
barrier between the two layers.10 Correspondingly, Fig. 2h exhibits
the results of time-correlated single photon counting measurements
(TCSPC) for these samples, and the average PL lifetimes (tav) were
determined through exponential decay fitting,>? the Tayg of perovskite
on bare glass and PVK, 9:1, and 7:3 samples are 34.45, 20.05, 18.64,
and 18.59 ns, respectively (Table S3), which aligns well with the

J. Mater. Chem. A, 2023, XX, X-X
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reduced PL intensity (Fig. 2e). As shown in Figure 2g, compared wi2H}
the Perovskite deposited on the bare glass, the PL intensity 2b
perovskite decreased obviously due to the carrier transfer at tBé&
HTL/EML interface.53 There is negligible PL intensity between tR¢/
Perovskite deposited on the PVK and PVK: TMFPPO (9:1), whi28
decreased obviously when the TMFPPO ratio is increasid®
continuously, indicating that the amount of TMPPO should B&
rationally incorporated to prevent strong PL quenching at tBd
HTL/EML interface. 32

Subsequently, the atomic force microscopy (AFM) images %?’
different HTL films were examined to investigate the impact
incorporating TMFPPO into PVK on the film morphology. The ro
mean square (RMS) roughness varies from pristine PVK film (0.6!
nm) to 9:1 (0.703nm) and 7:3 (0.711nm) (Fig. 3a-c). The increase
surface roughness contributes to a larger effective surface ar
available for the deposition of the subsequent layer.5* 55 In additio
the water contact angles of PVK, PVK:TMFPPO (9:1), arzﬁp
PVK:TMFPPO (7:3) were measured as 84.8°, 82.5° and 80. 1
respectively, which is beneficial for the coverage of the blended Hﬁl'l.2
by the perovskite precursor solution owing to the increased surfa
energy (inset of Fig. 3a-c and Fig. S3).>®¢ Moreover, top-view S
images in Fig. 3d-f display the perovskite films deposited o
PVK:TMFPPO films with various TMFPPO ratios. There are no obvio

RMS=0.695nm

PVK/Pero (9:1)/Pero

RMS=0.703nm

Journal of Materials Chemistry A

differences between the perovskite films on the PVK and
PVK:TMFPPO (9:1) films, while the one deposited on the
PVK:TMFPPO  (7:3) presented  significant  morphological
imperfections characterized by generous voids and pinholes. It is
postulated that the impaired film feature of the small molecular
material TMFPPO hinders the formation of a homogeneous and
continuous film, resulting in the aforementioned effect in the
deposited perovskite film.57 The crystal structure of the perovskite
films on different HTLs was thoroughly examined by X-ray diffraction
(XRD) (Fig. S4) and grazing-incidence wide-angle X-ray scattering
(GIWAXS) (Fig. 3g-i). All the perovskite films present similar
characteristic peaks, indicating similar quasi-2D perovskite crystal
formed on various HTLs. Moreover, the Debye—Scherrer rings at q =
1.05, 1.51, 2.11 A can be assigned to the crystallographic planes
(100), (110), and (200) of the high-n phase, respectively. The rings in
Fig. 3h and 3i exhibit higher intensity than those in Fig. 3g, i.e., the
perovskite films are more random. As shown in Figure 3g-i, the
circular Debye-Scherrer pattern gradually increases, indicating that
the random orientation of crystals is strengthened compared to the
parallel orientation. In this case, the charge transport in quasi-2D
perovskite films can be improved through enhancing the contact
between neighboring perovskite crystals with the introduction of
TMFPPO to PVK.858

PVK:TMFPPO (7:3)

RMS=0.711nm

i i
)
T, A i
2 1 1 2 3

g 1
g (A

Fig. 3 (a—c) AFM images and contact angle measurements of various HTL films, (d—f) SEM images of the quasi-2D perovskite film deposited
on various HTLs and (g—i) GIWAXS patterns of the quasi-2D perovskite films on different HTLs.
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Fig. 4 (a) Device configuration, (b) Energy level diagram of a PeLED device, (c) Normalized electroluminescence (EL) spectra, (d) Current

density-voltage (J-V) curves, (e) Luminance-voltage (L-V) curves and (f) EQE-voltage (EQE-V) curves, (g) Histogram for the maximum EQE of
devices based on various HTLs, (h) Operational stability test of the optimal PeLED.
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Based on the previous analysis, we constructed perovskite LEDs
with a device structure: ITO / PEDOT:PSS / Blended HTLs / quasi-2D
perovskite / TPBi / LiF / Al (Fig. 4a), In this configuration, TPBi serves
the dual purpose of an electron transport layer (ETL) and a hole
blocking layer (EBL), LiF plays the role of the electron injection layer
(EIL), and Al is functions as the cathode. The energy level diagram in
Fig. 4b reveals that the hole injection barrier from the HTL to EML
can be eliminated when the TMFPPO ratio is over 10%. The
performance of the devices employing different HTLs is shown in Fig.
4c—h and Table 1. As shown in Fig. 4c, almost all LEDs exhibit a peak

This journal is © The Royal Society of Chemistry 2023

centered at 477 nm and a full-width at half maximum (FWHM) of 21
nm, which is consistent with their PL spectra in Fig. 2g. The current
intensities of LEDs with blended HTLs are higher than that of the PVK
device, demonstrating that carrier injection is improved by the
blended HTL (Fig. 4d). The turn-on voltage decreases in the blended
device benefiting from the enhanced and balanced carrier injection
(Fig. 4e). The LED with 7:3 PVK:TMFPPO ratio presents a peak
luminance of 234 cd m2 at 6.6V, which correlates to the high current
density. According to the EQE-J curve in Fig. 4f, the device with
PVK:TMFPPO (9:1) achieves the highest EQE of 7.23%, presenting
enhancements of 105% and 46% over the device without an HTL
(maximum EQE of 3.52%) and the PVK-only LED (maximum EQE of
4.95%), respectively. The EQE decreases to 6.37% when the
PVK:TMFPPO ratio is 7:3 in the blended HTL. This reduction in the
device efficiency can be attributed to the exacerbated emission
quenching at the interface, which is confirmed by the PL intensities
and lifetimes in Fig. 2g and 2h.5? As shown in Fig. 4g, the average

EQEs for the PVK, 9:1, and 7:3 based LEDs are 3.3 + 1.27%, 6.33 +

0.9%, and 5.55 = 0.99%, respectively, and therefore the devices
exhibit good reproducibility. In this case, the operational stability of
different devices was examined at the same initial luminance of 30
cd m? (Fig. 4h and Table S4). The LEDs with PVK, 9:1, and 7:3
exhibited operational lifetimes of 117, 126, and 99 seconds,
respectively, demonstrating that the operational stability of the
device can be prolonged with the energy level and hole mobility of
HTL with the modulation of TMFPPO. In addition, we summarized
recent reports on blue (~480nm) quasi-2D emissive parameters and
present them in Table S5.

J. Mater. Chem. A, 2023, xx, x-x | 5
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To further understand the influence of carrier injection on
devices, a theoretical analysis has been conducted to investigate the
carrier dynamics during device operation. The device structure in the
model was simplified as Anode / HTL / Perovskite / TPBi / Cathode
and the parameters used for simulations are listed in Table S6. Fig.
5a and b show simulated bias-dependent spatial profiles of radiative
recombination for devices with HTLs of pure PVK and PVK:TMFPPO
(9:1), respectively, while the corresponding ratios of radiative
recombination rates among all the recombination channels are
presented in Fig. 5¢c and d. As the HOMO level becomes lower, the
distribution of radiative recombination is largely extended from the
HTL/Perovskite interface to the overall layer. As shown in Fig. S5, the

TMFPPO-induced HOMO modification boosts hole injection and
increases the hole concentration in the emissive layer, compared
with the hole accumulation in the HTL due to the injection barrier in
pristine devices. Furthermore, as hole injection is improved, it
facilitates the efficient radiative relaxation of carriers. This dramatic
difference can be seen in Fig. 5¢c and d. Unlike the near-unity ratio of
radiative recombination using blended HTL, PVK leads to serious non-
radiative recombination in the device owing to the weak supplement
of holes during operation. This deterioration caused by carrier
imbalance becomes increasingly serious at high bias causing a severe
drop in device efficiency, which is also verified in the EQE
performance.

Table 1 Summary of blue quasi-2D PeLEDs device performances with different HTLs

Blended HTL Lmax [cd/m?] EQEmax [%] Turn-on \(l:c(;I/t:‘gze Me1 Wavelength [nm] F;I::';n
w/0 120 3.52 3.9 477 20
PVK 125 4.95 3.3 477 21
PVK:TMFPPO (9:1) 136 7.23 3.0 477 21
PVK:TMFPPO (7:3) 234 6.37 3.0 478 21

Conclusions

In summary, we developed the TMFPPO by the facile oxidation
synthesis strategy, whose HOMO level and hole mobility are -6.46 eV
and 1.26 x 10% cm?/(V-s), respectively. TMFPPO was then
incorporated into the PVK at specific ratios to modulate the energy
level and hole mobility, giving rise to a barrier-free injection from the
HTL to the EML. As a result, the LED with a PVK:TMFPPO ratio of 9:1
showed a peak EQE of 7.23%, representing a significant improvement
over the devices without an HTL and pristine PVK-based devices.
These findings provide insight into the optimization of HTLs for high-
performance quasi-2D perovskite LEDs.
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