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Effectively manipulating the ligand distribution at the perovskite buried interface is critical for achieving high-
performance nanocrystal-based perovskite light-emitting diodes (PeLEDs). However, it is challenging to realize it
due to the non-exposed feature of the buried interface. Here, the drag force shear (DFS) is utilized to successfully
regulate the ligand distribution at the perovskite buried interface which can effectively suppress the EQE roll-off
of devices. By manipulating the ligand distribution at the perovskite buried interface, it is revealed that a more
ligand preservation could result in an improved defect passivation leading to higher EQE, while the carrier in-
jection barrier is increased simultaneously making devices suffer from severe EQE roll-off and decreased lumi-
nance, and vice versa. With the help of optimizing the ligand distribution by manipulating the DFS, the balance
between carrier injection and interfacial defect passivation is successfully achieved. Resultantly, an enhanced
EQE of 17.24 % with substantially suppressed EQE roll-off is reached, culminating in a remarkable luminance of
61,900 cd/m?. This work presents an efficient approach to control ligand distribution at the perovskite buried
interface and offers valuable insights for realizing high luminance and low EQE roll-off of PeLEDs.

1. Introduction widespread applications [11,12].

It is well known that the ligand distribution of nanocrystal-based

Perovskite light-emitting diodes (PeLEDs) are the rising stars in the
next generation of high-performance illumination, displays, and rapid
communication devices due to their significant advantages, including
high color purity, solution processability, and large-area manufactur-
ability [1-6]. Within a decade, the external quantum efficiencies of red,
green, and blue PeLEDs have already reached 25.8 % [7], 30.84 % [8],
and 18.65% [9]; respectively. However, the operational stability of
PeLEDs has lagged far behind their rapid development in performance,
especially for nanocrystal based PeLEDs [10]. Nowadays,
nanocrystal-processed PeLEDs are still suffering from the substantial
EQE decline under high current-density conditions, known as EQE
roll-off, severely limiting their achievement of high brightness and
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perovskite has critical impact on the PeLED performance [13-16].
Insufficient surface ligand distribution will lead to massive surface de-
fects, resulting in an increase in defect-assisted non-radiative recombi-
nation and thus significantly decrease the radiative recombination
efficiency of the device. However, excess distribution of surface ligands
will increase the carrier injection barrier, which seriously reduces the
device luminance and accelerate the EQE roll-off at high current density
due to the electrical insulating property of surface ligands [17-25].
Nonetheless, current researches on the treatment of surface ligands are
mainly focused on the regulation of ligands during the preparation
process of nanocrystals or post surface treatment of perovskite films
after the deposition of perovskite film [26-30]. There are few methods
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demonstrated to regulate ligand distribution at the perovskite buried
interface due to the great difficulty in handling the buried interfaces [31,
32]. Considering the significant importance of the ligand distribution at
the perovskite buried interface for the performance of PeLEDs, it is
highly desired to develop an efficient strategy to finely tune the ligand
distribution at the perovskite buried interface to further improve the
device performance and suppress EQE roll-off at high current density for
PeLEDs [33-36].

The combination between surface ligands and nanocrystal are dy-
namic and weak binding because of its ionic nature [37-39], which
could be easily sheared by the external forces [40-42]. Herein, we
employed a drag force from the relative motion between solution and
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perovskite nanocrystal during the spin-up stage to efficiently manipulate
the ligand distribution of the perovskite buried interface for effectively
suppressing the EQE roll-off in high-performance PeLEDs. By directly
peeling-off and exposing the perovskite buried interface, we revealed
that weaking the drag force shear (DFS) will lead to a more ligands
distribution at the perovskite buried interface, resulting in an efficient
defect passivation. However, this increased ligand distribution will also
significantly heighten the carrier injection barrier at the buried inter-
face. Thus, the weak DFS perovskite based PeLEDs exhibit an evidently
improved peak EQE while suffer from a faster EQE roll-off simulta-
neously. In contrast, strengthening the DFS would reduce the EQE but
suppress the EQE roll-off for PeLEDs due to more defects and lower
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Fig. 1. Drag force shear (DFS) manipulating ligand distribution at buried interface. (a) Schematic diagram of drag force between solution and nanocrystals and
corresponding drag force shear (DFS) during spin coating process. (b) Fabrication process of weak DFS perovskite. (c) Fabrication process of strong DFS perovskite.
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carrier injection barrier lead by less ligand distribution at the buried
interface. In this regard, an optimized DFS was employed to effectively
balance the carrier injection barrier and defect passivation at the buried
interface. Consequently, the optimal DFS processed PeLED exhibits an
obviously suppressed EQE roll-off with higher peak EQE of 17.25 %,
leading to a remarkable luminance of 61,900 cd/m?2. This work provides
important insights in understanding and manipulating the ligand dis-
tribution at perovskite buried interface for achieving high-performance
PeLEDs with suppressed EQE roll-off.

2. Results and discussions

Fig. 1 schematically demonstrated the drag force shear (DFS)
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manipulates the ligand distribution at perovskite buried interface. As
shown in Fig. 1a, during the spin coating process, the perovskite nano-
crystal solution will diffuse outward under centrifugal force. However,
the solvent will rapidly diffuse due to its rheology, and the nanocrystals
inside will move much slowly due to their heavier weight. This leads to
the solvent rapidly flowing through the surface of the nanocrystals,
resulting in a viscous drag force between the rapidly flowing solvent and
the nanocrystals. As shown in Fig. S2, the nanocrystals mainly exhibit
spherical shapes with an average radius of 8.4nm. In this case, the
viscous drag force should be evaluated by [43-46]:
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Fig. 2. Ligand distributions of perovskite buried interfaces. (a) Peel-off procedures of weak DFS perovskite buried interfaces (upper) and strong DFS perovskite
buried interface (down). (b, ) SEM images of (b) weak DFS and (c) strong DFS perovskite buried interface. (d, €). The AFM images of (d) weak DFS and (e) strong DFS
perovskite buried interface. (f-i) FTIR characterizations (f), X-ray photoelectron spectroscopy (XPS) spectra (g), photoluminescence (PL) spectra (h) and Time-
resolved PL (TRPL) spectra (i) of perovskite buried interfaces. (j, k). The temperature-dependent PL maps for (j) weak DFS and (k) strong DFS perovskite

buried interface.
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where py is the density of liquid solution (toluene); Cp is the drag coef-
ficient, which strongly dependents on Reynold’s number thus can be
considered as a constant for laminar flow condition [47,48], A is the
surface of particle; and v, is superficial fluid-particle relative (slip)
velocity. Obviously, the f; is determined by the solution slip velocity vy,
As mentioned above, the combination between surface ligands and
nanocrystal are dynamic and weak binding. Thus, the surface ligands
would be easily sheared by a greater viscous drag in spin-coating pro-
cess. Resultantly, the perovskite film will lose surface ligand during the
film-deposition process.

In this regard, we designed the different intensity of drag force shear
to manipulate the ligand distribution at the perovskite buried interface.
As shown in Fig. 1b, Fig. S1 and Supplementary Note 1, if the solution is
slowly accelerated with a limited spin acceleration 42 = 1000 rpm/s,
there will be a slowly solvent acceleration through the nanocrystals,
leading to a weak DFS to the nanocrystal. This would significantly
preserve the surface ligand from nanocrystal, resulting in massive ligand
distribution at buried interface for weak DFS perovskite. On the con-
trary, if the substrate has already rotated at 1000 rpm during the
deposition of the nanocrystal solution, the solvent will impulsively
accelerate under tremendous centrifugal force, causing a significant loss
of surface ligands under strong DFS. Therefore, there will be deficient
ligand distribution at the buried interface for strong DFS perovskite.

To verify the influence of DFS on the ligand distribution at buried
interface, we directly peeled-off and characterized the perovskite buried
interface following by the procedure illustrated in Fig. 2a and Experi-
mental details. We firstly conducted various FTIR characterizations to
confirm the successfully peeling-off of the buried interface. As shown in
Fig. S3, the peeled-off buried interface exhibit no overlap with charac-
teristic peaks of the hole-transporting layer (HTL) substrate. Instead,
they closely align with signals from the perovskite nanocrystal solution
and the upper surface of the perovskite film, confirming the successful
peeling of a pristine perovskite buried interface without substrate re-
siduals. The plane scanning electron microscopy (SEM) images image
shows that DFS has only a minimal impact on the nanocrystal packing at
the buried interface (Fig. 2b, c). However, the buried interface of the
strong DFS perovskite exhibits greater surface roughness, which is
consistent with the results obtained from atomic force microscopy
(AFM). As shown in Fig. 2d, e, the surface roughness of the strong DFS
perovskite buried interface (RMS = 2.22 nm) is significantly lower than
that of the weak DFS perovskite buried interface (RMS = 5.01 nm). As
shown in Fig. 2f, the FTIR signal of weak DFS perovskite buried interface
is much stronger than that of strong DFS perovskite buried interface.
Considering that the crystal structure and the thickness of perovskite
film is immune of the DFS (Fig. S4, S5), the stronger FTIR signal of weak
DFS perovskite interface should be attributed to its better ligand pres-
ervation. This clearly confirms that a weaker DFS would significantly
increase ligand distribution at perovskite buried interface. The X-ray
photoelectron spectroscopy (XPS) spectra show that the characteristic
peaks of Pb 4fs,» and 4f;,» in weak DFS perovskite buried interface
experience a substantial shift to lower binding energy than those in
strong DFS perovskite buried interface. The same phenomenon is
observed for Br 3ds/; and 3ds/». Negative Pb 4f binding energy shifts
indicate a decrease in cationic charge on Pb?>' ions, which can be
attributed to the richer electron-donating from ligands to the uncoor-
dinated Pb?* [49,50], indicating a better ligand preservation of weak
DFS perovskite buried interface (Fig. 2g). The negative shifts of Br 3d
binding energy should be attributed to the disturbed static interactions
between Pb%" and Br ions due to electron donation from ligands to the
Pb%*" ions [51]. Both FTIR spectra and XPS spectra demonstrated the
denser ligand distribution of weak DFS perovskite at buried interface.
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The ligand distribution at buried interface will greatly influence the
photo-physics characteristic of perovskite film. As shown in Fig. 2h, i,
the weak DFS perovskite buried interface exhibits a much stronger PL
intensity and an obviously longer PL lifetime than those of strong DFS
perovskite buried interface, indicating the less surface defect at weak
DFS perovskite buried interface [52]. Generally, the exciton binding
energy (Ep) can estimate the barriers for exciton dissociation or exciton
annihilation by non-radiative centers [53,54]. Here, the Ej, was extrac-
ted from temperature-dependent PL spectra by Arrhenius equation [55]:

Ip

I(Ty=——+
1 +Aexp(—,i—"r>

@

where, I(T) is the integral temperature dependent PL intensity, I is the
PL intensity at 0 K, A is a constant and kg is Boltzmann constant. As
demonstrated, the weak DFS perovskite buried interface demonstrates a
much greater Ep, of 99.2 meV than that of strong DFS perovskite buried
interface (52.4 meV), demonstrating a much higher energy threshold for
exciton thermal dissociation or annihilation by non-radiation centers in
weak DFS perovskite buried interface (Fig. 2j,k and Fig. S6) [56], which
can significantly reduce the non-radiative recombination of weak DFS
perovskite. Therefore, the radiative recombination of the weak DFS
perovskite should be significantly improved, which has been proved the
much higher PLQY of the weak DFS perovskite (69.3 %) than the strong
DFS perovskite film of 25.9 % (Fig. S7). Based on the analysis of FTIR, PL
and TRPL, we can contribute the significantly reduced non-radiative
recombination of weak DFS perovskite to the reduced defect state den-
sity [57], indicating the better defect passivation by surface ligand.
Consequently, these observations serve as supplementary evidence
affirming that a stronger DFS will enhance the ligand loss during the film
deposition, resulting in deficient ligand distribution at perovskite buried
interface.

Unfortunately, the passivating ligand usually are electrically insu-
lating. Although a denser ligand distribution will evidently reduce the
surface defect, it would also create a huge barrier for carrier injection at
the buried interface. The Kelvin potential force microscopy (KPFM)
measurement and ultraviolet photoelectron spectroscopy (UPS) test at
the perovskite/HTL interface are performed to identify the carrier in-
jection barrier (Fig. 3 and Fig. S8). As illustrated in Fig. 3a-e, the surface
potential difference between the weak DFS perovskite and HTLs
(150 mV) is evidently larger than that between the strong DFS perov-
skite and HTLs (67 mV), indicating a greater Fermi level difference be-
tween weak DFS perovskite and HTLs [58]. The UPS spectra show that
valance band maximum (VBM) of both buried interfaces are deeper than
HTLs, indicating a barrier for hole injection from HTLs to perovskite
(Fig. S8). The weak DFS perovskite buried interface possesses a deeper
VBM than strong DFS perovskite buried interface, demonstrating that
there is a greater hole injection barrier at weak DFS perovskite buried
interface. As shown in Figs. 2f and 2g, we performed the SCLC charac-
terizations on hole-only devices. Interestingly, the SCLC of weak DFS
perovskite-based hold-only device (HOD) shows a lower current density
with a smaller Vg than those of infinite perovskite based HOD. The
lower current density indicates the more difficult for carrier injection,
confirming the greater carrier injection barrier caused by the excessive
ligand distribution at weak DFS perovskite buried interface. Meanwhile,
the smaller Vrp, demonstrates a lower defect density in weak DFS
perovskite [59], which is consistent with the former results.

The PeLEDs were fabricated to reveal the effects of DFS process on
device performances (Fig. 4a and Fig. S9). As illustrated in Fig. 4b, the
weak DFS perovskite based PeLEDs (abbreviated as weak DFS PeLED)
demonstrated a much lower current-density (J) than that of strong DFS
perovskite based PeLEDs (abbreviated as strong DFS PeLED), which is
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distribution and the carrier injection barrier at (h) weak DFS perovskite buried interface and (i) strong DFS perovskite buried interface.

consistent with the higher hole-injection barrier at weak DFS perovskite
buried interface. As shown in Figs. 4c and 4d, the weak DFS PeLED
exhibits a higher luminance than strong DFS PeLED at a small current
density lower than 9 mA/cm?. This brings about a much higher EQE of
weak DFS PeLED (14.42 %) than that of strong DFS PeLED (9.38 %). The
higher EQE of weak DFS PeLED should be attributed to the better
radiative recombination of weak DFS perovskite due to the better sur-
face defect passivation. However, at a high current density greater than
10 mA/cm?, the weak DFS PeLEDs demonstrates a lower luminance and
a faster luminance decay than strong DFS PeLEDs, which causes a lower
peak luminance and a severer EQE roll-off for weak DFS PeLEDs (Fig. 4e,
f.

The low-frequency capacitance-voltage (C-V) curves and its corre-
sponding dC/dV curves were performed to unrevealing the carrier in-
jection, recombination, and accumulation processes in PeLED devices
[60,611, as shown in Fig. 4g, h. The capacitance of PeLEDs at different
voltage can be quantified by following expression [60,62]:

— innj + szrapped — erecom

¢ dv

3

where dQinj, dQuapped and dQrecom are the injected, trapped and
recombined charges. The dC/dV curve can be obtained by differenti-
ating the C-V curves, which can efficiently reveal following five regions:
dark current region, injection and weak recombination region, injection
and recombination region, strong recombination region and recombi-
nation and accumulation region [59,61]. As shown in Fig. 4g, the
capacitance of the weak DFS PeLED rapidly decreases after 5.33 V, while
the capacitance of the strong DFS PeLED starts to slowly decrease after
6.39 V. The rapid decrease in capacitance indicates strong carrier radi-
ative recombination within the weak DFS PeLED. However, Fig. 4h
shows that the dC/dV - V curves of weak DFS PeLED demonstrates a
noticeable protrusion in the strong-recombination range, indicating a
fast carrier accumulation despite the strong carrier recombination [61].
Such a fast carrier accumulation should be ascribed to the great carrier
injection barrier at buried interface due to the massive ligand preser-
vation at the buried interfaces. As a result, the current density of strong
DFS PeLED cannot be increased and its EQE is rapidly decreased under a
high current density.

As demonstrated above, the key to obtaining a high-performance
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Fig. 4. The performances of PeLEDs. (a) Schematic diagrams of device structures. (b-f). (b) Current density-voltage (J-V) curves, (c) Current density-luminance (J-L)
curves, (d) EQE-voltage curves, (e) The EQE roll-off curves and (f) luminance-voltage curves of PeLED. (g) The low-frequency (f = 5 K) capacitance-voltage (C-V)
curves and (h) corresponding dC/dV curves of PeLEDs. The dC/dV- V curves can be divided into five regions: I, dark current region; II: injection & weak recom-
bination region; III, injection & recombination region, IV, strong recombination region; V, recombination & accumulation region.

PeLED with a suppressed EQE roll-off lies in achieving a balance be-
tween the carrier injection barrier and defect passivation through the
manipulation of ligand distribution at the perovskite buried interface.
Fortunately, the DFS presents an avenue for fine-tuning the ligand dis-
tribution at the perovskite buried interface. In this regard, an optimal
DFS (42 = 10000 rpm/s) was employed to optimize the ligand distri-
bution at perovskite buried interface to balance carrier injection barrier
and defect passivation at the buried interface (Fig. 5a, Fig. S10, S11).
As shown in Fig. 5c, the current density of optimal DFS PeLED has
been obviously increased, indicating a significantly reduced carrier in-
jection barrier at buried interface. The peak EQE of the optimal DFS
PeLED device increases from 14.42 % to 17.25 %, substantiating that
rational balance between the carrier injection carrier and defect
passivation can improve device performance (Fig. 5e). With this
balanced carrier injection and defect passivation, the luminance of the
optimal DFS PeLED has increased from 1.35 x 10° cd/m? to 6.19 x 10°
cd/m? compared with weak DFS PeLED (Fig. 5d). Comparing with the
weak DFS PeLED, the C-V curve of optimal DFS PeLED in strong
recombination region drops much faster, however, the low-frequency

dC/dV-V curves demonstrates that there is no obvious dC/dV protru-
sion in optimal DFS PeLED at strong recombination range, proving that
the successfully relieved carrier accumulation in device (Fig. 5j, i).
Consequently, the equilibrium achieved between the carrier injection
barrier and defect passivation at the perovskite buried interface resulted
in an improved device performance while concurrently suppressing EQE
roll-off in the optimal DFS PeLED (Fig. 5f, g).

3. Conclusion

In summary, we have demonstrated that drag force from the relative
motion between solvent and nanocrystal can effectively modulate the
ligand distribution at the perovskite buried interface during the spin-
coating acceleration stage by shearing the surface ligand, thereby
achieving high-performance PeLEDs with suppressed EQE roll-off.
Through manipulating the ligand distribution at the perovskite buried
interface, the relationships between the performance of PeLEDs (EQE
and EQE roll-off) and ligand preservation at the buried interface are
clearly revealed. In comparison with the strong drag force shear (DFS),
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Fig. 5. Optimizing ligand distribution at buried interface for suppressed EQE roll-off of higher-performance PeLEDs. (a) Schematic illustration of balancing the
carrier injection carrier and surface defect passivation by manipulating the ligand distribution through a moderate DFS. (b) device structure of PeLEDs. (c) J-V curves,
(d) L-J curves, (e) EQE-voltage curves, (f) EQE roll-off curves and (g) luminance-voltage curves of weak DFS PeLED and optimal DFS PeLED. (h) The low-frequency C-
V curves and (i) corresponding dC/dV - V curves of weak DFS PeLED and optimal DFS PeLED.

the weak DFS is capable of effectively decreasing interfacial defects of devices. Based on this understanding, an optimal DFS was employed to
perovskite by increasing the ligand distribution at the buried interface. effectively balance defect passivation and the injection barrier at the
However, this simultaneously leads to an increase of the carrier injection buried interface. Resultantly, optimal DFS PeLED devices could effec-

barrier at the buried interface. Consequently, the weak DFS can achieve tively alleviate the rapid EQE roll-off observed in weak DFS PeLED with
a higher EQE, while it also results in a rapid EQE roll-off in PeLED an enhanced EQE. Eventually, the optimal DFS PeLED achieved a
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remarkable EQE of 17.24 % and a high luminance of 61,900 cd/m?. This
work highlights a simple yet effective strategy of controlling the ligand
distribution at the buried interface, providing crucial insights for
achieving high luminance and commercialization in nanocrystal based
PeLEDs.
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