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ABSTRACT: InP-based quantum dot (QD) light-emitting diodes
(QLEDs) provide a heavy-metal-free route to size-tuned LEDs
having high efficiency. The stability of QLEDs may be enhanced by
replacing organic hole-injection layers (HILs) with inorganic
layers. However, inorganic HILs reported to date suffer from
inefficient hole injection, the result of their shallow work functions.
Here, we investigate the tuning of the work function of nickel oxide
(NiOx) HILs using self-assembled molecules (SAMs). Density
functional theory simulations and near-edge X-ray absorption fine
structure put a particular focus onto the molecular orientation of
the SAMs in tuning the work function of the NiOx HIL. We find
that orientation plays an even stronger role than does the
underlying molecular dipole itself: SAMs having the strongest
electron-withdrawing nitro group (NO2), despite having a high intrinsic dipole, show limited work function tuning, something we
assign to their orientation parallel to the NiOx surface. We further find that the NO2 group�which delocalizes electrons over the
molecule by resonance�induces a deep lowest unoccupied molecular orbital level that accepts electrons from QDs, producing
luminescence quenching. In contrast, SAMs containing a trifluoromethyl group exhibit an angled orientation relative to the NiOx
surface, better activating hole injection into the active layer without inducing luminescence quenching. We report an external
quantum efficiency (EQE) of 18.8%�the highest EQE among inorganic HIL-based QLEDs (including Cd-based QDs)�in InP
QLEDs employing inorganic HILs.

■ INTRODUCTION
Colloidal quantum dots (QDs) have attracted significant
attention for next-generation displays owing to their color
tuning, high color purity, and solution processing.1−3 While
InP-based QDs have been used commercially as phosphors in
liquid crystal displays, QD-based light-emitting diodes
(QLEDs) suffer from limited operating stability for commer-
cial electroluminescent displays.4−9

InP QLEDs adopt a p-i-n structure in which the QD-
emitting layer is sandwiched between an organic hole
injection/transport bi-layer (HIL/HTL) and an inorganic
electron transport layer. Poly(3,4-ethylenedioxythiophene):po-
lystyrene sulfonate (PEDOT:PSS) is widely used as the HIL: it
provides a smooth surface for the ensuing layers and has a
work function that favors hole injection from the indium tin
oxide (ITO) anode to the HTL.1,10,11

It is the acidic and hygroscopic nature of PEDOT:PSS that
leads to etching of the ITO and HTL layers in the presence of
moisture and at elevated temperatures, accounting for limited
operating stability.12−15

NiOx has the advantage of high hole mobility and materials
stability, making it a potentially attractive HIL candidate in
QLEDs. Solution-processed NiOx films have been modified to
increase performance and operating stability in CdSe
QLEDs.16,17 However, the work function of NiOx is 5.0 eV,
which is not sufficiently deep to form a low-resistance contact
with the organic HTL to achieve efficient hole injection.
Solution-processed NiOx films contain surface defects such as
oxygen vacancies that produce luminescence quenching.18−20

Self-assembled molecules (SAMs) offer a route to modulate
the energy levels of NiOx and passivate surface defects,
improving hole injection and reducing luminescence quench-
ing.16,21 The energy level shift is a consequence of the net
dipole moment induced by SAMs at the interface.19,22 This net
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dipole arises from the projection of the dipole between the
SAM molecule and the NiOx onto the normal to the NiOx
surface. Prior studies have focused on the selection of tail
groups to tune the molecular dipole moment.19,22,23 Here, an
electron-withdrawing tail group would enhance the intrinsic
dipole, which would lead to a deepening of the work function.
We posited that pointing the SAM molecules in the most
favorable (ideally, perpendicular-to-the-surface, a.k.a. the
normal direction) orientation required further attention.

We investigate the influence of the tail group on both the
intrinsic dipole and also on the molecular orientation, finding
that a tail group having a strong electron-withdrawing nature
does not guarantee a deep work function for NiOx. SAMs with
a stronger electron-withdrawing nitro (NO2) group induce a
shallower work function than do those containing a
trifluoromethyl group (CF3). This we attribute to the less
favorable molecular orientation driven by the binding affinity
of the tail group with NiOx surfaces. We further study the
effect of frontier orbitals of SAMs on luminescence quenching
and find that the NO2 group�which could delocalize π-
electrons of an aromatic ring by resonance�induces a deep
lowest unoccupied molecular orbital (LUMO) level that could
accept electrons from QDs, resulting in luminescence
quenching. This model was used to achieve an external
quantum efficiency (EQE) of 18.8% in InP QLEDs, a record
efficiency for QLEDs based on inorganic HILs.

■ RESULTS AND DISCUSSION
Molecular Orientation and Dipole Moments. QLEDs

use a p-i-n structure ITO/PEDOT:PSS/organic HTL/QDs/
ZnMgO/Al. We explored replacing PEDOT:PSS with SAM-
modified NiOx (Figure 1a). We choose benzoic acid (BA)
derivatives to modify NiOx because the carboxyl group is
expected to anchor to the NiOx surface. Seeking to combine a
strongly electron-withdrawing tail group with a highly
polarizable aromatic ring, we introduced NO2 as the tail
group, i.e., 4-nitro BA (4-NO2-BA) (Figure 1b). To compare
the effect of the different tail groups (Figure 1b), we used 4-
trifluoromethyl BA (4-CF3-BA) and 4-chloro BA (4-Cl-BA). 4-
NO2-BA has the strongest computed dipole moment
(calculated through standard HSE0624,25 using density func-
tional theory (DFT)) among molecules investigated, the
results of its employment of the strongest electron-withdrawing
group, NO2.

Molecular orientation of SAMs depends on various factors:
the chemical structure, including the head group, spacer group,
and tail group, packing density, and surface characteristics of
substrates.26,27 A strong affinity of the tail group or space group
for the substrate results in a preferential orientation parallel to
the surface.28,29 We then explored, also using DFT, molecular
orientation as a function of the tail group (Figure 1c−e)
(details of SAM coverage and binding energies between the
anchoring group and NiOx in Figure S1). The tail group of
SAMs has a negligible effect on the binding energy between the
anchoring group and NiOx. We further carried out X-ray

Figure 1. Device, chemical structures, and molecular orientation. (a) Device structure of QLEDs. (b) Molecule dipole moment for BA, 4-CF3-BA,
4-Cl-BA, and 4-NO2-BA. Dipole moments are shown in bottom brackets in the (x,y,z) format (in e. Å). Directions are shown in the red arrow
within the total value (in Debye) labeled. (c−e) Interfacial structures of SAMs on a NiOx (001) surface within VO defect relaxed by DFT. (f−h)
NEXAFS spectra of SAMs on NiOx at various incident angles from 20 to 90°, the angular dependence of benzene π*-resonance features is
highlighted.
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photoelectron spectroscopy (XPS) to investigate the coverage
of SAMs on the NiOx surface (Table S1). The XPS results
revealed that the ratio of SAM to Ni atom is 1:17, 1:17, and
1:18 for the NiOx films with 4-CF3-BA, 4-Cl-BA, and 4-NO2-
BA, respectively. We did not observe a noticeable difference in
SAM coverage on the surface depending on the tail group of
SAMs. With DFT we predict angles between SAM and NiOx
(001) of 12, 11, and 0° for 4-CF3-BA, 4-Cl-BA, and 4-NO2-BA
on NiOx. The parallel molecular orientation of 4-NO2-BA is
driven by the high binding affinity of the tail group with the
NiOx surface. 4-NO2-BA has the largest molecular dipole
moment (Figure 1b) but its parallel orientation curtails its
impact on work function.

In order to estimate experimentally the molecular
orientation of SAMs, we performed near-edge X-ray absorption
fine structure (NEXAFS) spectroscopy. The corresponding
carbon K-edge NEXAFS spectra of SAM-treated NiOx films
were obtained for different photon incidence angles θ between
20 and 90° (Figure 1f−h). The benzene π*-resonance reports
the component of the transition dipole moment perpendicular
to the molecular plane of the benzene ring. The 4-NO2-BA-
treated NiOx films exhibited a sharp intensity decrease with
increasing angle of incidence compared to the other SAM-
treated NiOx films (Figure S2), indicating that 4-NO2-BA
molecules are more parallel to the NiOx surface than are the
other SAMs.

Electrical and Optical Characterization. We performed
Fourier transform infrared spectroscopy (FTIR) on NiOx films
treated with the SAMs and found that symmetric COO−

stretching vibrations appeared, indicating that the SAM

molecules were bound to the NiOx surface (Figure 2a). We
carried out ultraviolet photoelectron spectroscopy (UPS)
measurements of pristine NiOx, SAM-treated NiOx, and
poly-TPD to determine work function (WF) and the valence
band maximum (VBM) (Figure S3). Pristine NiOx showed a
WF of 5.0 eV and VBM of 5.4 eV. Three SAM-treated NiOx
films exhibited deeper WF and VBM compared to pristine
NiOx (Figure 2b). Among these, 4-CF3-BA-treated NiOx films
showed the highest WF and VBM. Despite having a smaller
intrinsic dipole compared to 4-NO2-BA, the 4-CF3-BA SAM
induced the strongest total dipole on the NiOx surface.

We further conducted scanning Kelvin probe microscopy
(SKPM) to investigate two-dimensional distributions of
contact potential differences (CPDs) of the SAM-treated
NiOx films. The SAM-treated NiOx films showed higher CPDs
compared to pristine NiOx. The 4-CF3-BA-treated NiOx
showed the highest CPDs (Figure 2c), consistent with the
fact that it exhibited the largest WF shift seen via UPS. In all
instances, the variation of the CPD for different locations on
the substrate showed a standard deviation of less than 15 mV,
indicating a substantially spatially homogeneous WF for SAM-
treated NiOx films.

To investigate the hole injection and transport properties of
the different HILs, we fabricated hole-only devices with the
structure ITO/NiOx/SAMs/poly-TPD/InP@ZnSe@ZnS
QDs/MoO3/Ag, and we measured dark current (Figure 2d).
SAM-treated devices showed 100-fold larger hole currents than
those with pristine NiOx, indicating improved hole injection.

To investigate the effect of SAMs on the optical properties
of QDs, we measured time-resolved photoluminescence (PL)

Figure 2. Characterization of energy levels and hole injection. (a) FTIR spectra of SAM-treated NiOx films. (b) UPS spectra of pristine NiOx and
SAM-treated NiOx films. (c) SKPM histogram of pristine NiOx and SAM-treated NiOx films showing the variation of CPD over the 2 μm × 2 μm
area. (d) Current density versus voltage (J−V) characteristics of hole-only devices.
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of the QD films deposited on SAM-coated glass substrates
(Figure 3a). The QD films with 4-CF3-BA and 4-Cl-BA
showed PL decay dynamics similar to those of the pristine QD
film. However, QD films with 4-NO2-BA exhibited a
substantially shorter PL lifetime, indicating fast exciton
dissociation at the QD/SAM interface. In order to elucidate
the effect of SAMs on the PL quenching of QDs, we carried

out DFT calculations to determine the highest occupied
molecular orbital (HOMO) and the LUMO levels of the
SAMs (Figures 3b and S4). The strong electron-withdrawing
NO2 group�when attached to an aromatic ring�has the
potential to delocalize π-electrons of the aromatic ring by
resonance while at the same time compensating its own charge
deficiency.30,31 Delocalization of electrons increases molecular

Figure 3. Luminescence quenching studies for QDs with SAMs. (a) Time-resolved PL spectra of QD solutions with the addition of SAMs. (b)
Energy level and electron density distribution of LUMO for SAMs, calculated by HSE06. (c) Energy level schematic showing representing the
luminescence quenching mechanism via electron transfer. (d) Schematic illustrations for the ITO/NiOx/SAMs/poly-TPD/QD substrate. (e)
Time-resolved PL spectra of ITO/NiOx/SAMs/poly-TPD/QDs. (f) Steady-state PL spectra of ITO/NiOx/SAMs/poly-TPD/QDs.

Figure 4. LED performance. (a) J−V characteristics of QLEDs with different HILs. (b) Luminance versus voltage characteristics of QLEDs with
different HILs. (c) EQE versus voltage characteristics of QLEDs with different HILs. Statistics of (d) maximum luminance and (e) EQE from 16
devices with different HILs. (f) Operating stability of QLEDs with PEDOT:PSS and 4-CF3-BA-treated NiOx.
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stability (the low potential energy), downshifting the HOMO
and LUMO levels.31,32 The DFT results indicate that 4-NO2-
BA has a deep LUMO level (−3.57 eV) that results in the
electron transfer from QDs to the 4-NO2-BA molecule (Figure
3c). This process causes the luminescence to quench,
something observed in PL lifetime decay. We conclude that
the 4-NO2-BA SAM is not suitable for high-efficiency InP
QLED applications.

We further characterized the optical properties of the QD
films deposited on ITO/NiOx/SAMs/poly-TPD substrates
(Figure 3d−f) which are HIL/HTL combinations in QLEDs.
We found that despite the presence of the organic poly-TPD
layer on the HILs, the optical properties of the QD films still
depend on the type of HILs (Figure S5). We used atomic force
microscopy (AFM) to determine the coverage of the poly-
TPD layer over the NiOx film. We found that the pristine NiOx
exhibited a large height deviation of 23 nm between the
maximum peak and the lowest valley (Figure S6). The poly-
TPD film was optimized to be 25 nm and therefore is not thick
enough to prevent charge or energy transfer between QDs and
NiOx. It is likely that the poly-TPD layer prevents direct
contact between QDs and SAM-treated NiOx, so that exchange
between SAMs and native ligands of QDs is limited. We offer
that QD-HIL photophysical interactions are chiefly responsible
for the luminescence quenching rather than QD surface
chemistry begin the prime factor. In locations where the peaks
of NiOx are observed, the QDs are in close proximity to the
NiOx-SAM stack, leading to nonradiative recombination on the
NiOx-SAM interface (Figure 3d). QD films on the layer stack
containing 4-CF3-BA and 4-Cl-BA SAMs showed a longer PL
lifetime (11.1 and 10.7 ns) and higher PL intensity compared
to the QD films on layer stacks without SAM (9.4 ns), which
we attribute to the passivation of defects on NiOx surfaces by
the SAM. By contrast, the QD film with 4-NO2-BA-treated
NiOx exhibited a reduced PL lifetime (7.0 ns) and PL
intensity, indicative of luminescence quenching.

LED Performance. We fabricated QLEDs with device
configuration ITO/PEDOT:PSS and ITO/SAM-treated
NiOx/Poly-TPD/QDs/ZnMgO/Al (Figure 4) and character-
ized them for current density, luminance, and EQE. QLEDs
containing a SAM exhibit a current density at 3.0 V that is 100-
fold higher compared to QLEDs without SAMs (Figure 4a), a
finding we attribute to improved hole injection. They therefore
exhibited a sharp increase in luminance with a lower turn-on
voltage compared to QLEDs without SAMs (Figure 4b).
Despite the improved current density for 4-NO2-BA-
containing QLEDs, they showed a lower EQE (8.0%) than
those without SAM addition (10.5%) because of luminescence
quenching caused by the SAM (Figure 4c). In contrast,
QLEDs containing 4-CF3-BA and 4-Cl-BA exhibited improved
luminance and EQE compared to QLEDs without SAMs
(Figure 4b,c), a finding we attribute to improved hole injection
and suppressed luminescence quenching. Champion devices
contained the 4-CF3-BA SAM, and yielded LED performance
exhibiting a maximum luminance of 22,300 cd m−2, EQE of
18.8%, and turn-on voltage of 2.0 V. Based on total 80 devices,
the average maximum luminance and EQE values (25,000 cd
m−2 and 17.2%) of QLEDs with 4-CF3-BA-treated NiOx are
statistically higher than those (24,500 cd m−2 and 16.1%) of
the devices made with the PEDOT:PSS HIL (Figure 4d,e).

Balanced charge injection/transport into the light-emitting
QD layer is also indicated by capacitance versus voltage (C−V)
characterization (Figure S7). The capacitance of QLEDs

increased near the turn-on voltage, something we assign to the
injection and accumulation of electrons, and it then decreased
due to the recombination of injected holes with accumulated
electrons in the QD layer. 4-CF3-BA-treated QLEDs exhibited
the lowest onset voltage for the drop-in capacitance, indicating
the most efficient charge recombination facilitated by the
improved hole injection/transport. We evaluated further the
impact of SAMs on the performance of QLEDs by simulating
the hole concentration in the QD layer (Figure S8). The
device model replicates the role of the dipole moment at the
NiOx surface in facilitating hole injection and increasing hole
density in the QD layer to improve EQE (Figure S8).

We then investigated the operating stability of encapsulated
devices under ambient conditions, applying a constant current
density around 20 mA cm−2 (Figure 4f), corresponding to an
initial luminance of 2500 cd m−2. We monitored the evolution
of luminance as a function of operating time and found that the
QLEDs with 4-CF3-BA NiOx exhibited improved operating
stability compared to the QLEDs with PEDOT:PSS, retaining
75% of initial luminance following 74 h (T75).

■ CONCLUSIONS
In summary, we explored the replacement of a PEDOT:PSS
HIL with inorganic NiOx toward the goal of addressing
instability in QLEDs, an instability linked with PEDOT:PSS
acidic and hygroscopic nature. We found that pristine NiOx
has an unfavorable band alignment with InP/ZnSe/ZnS QD
and induces a luminescence quenching of QDs. We employed
SAMs based on BA derivatives and found that molecular
orientation is a critical parameter for tuning the energy levels of
NiOx. We found that the strongest intrinsic dipole was realized
with 4-NO2-BA. In contrast, 4-CF3-BA-treated NiOx exhibited
deeper energy levels than 4-NO2-BA-treated NiOx, which we
found to originate from the more perpendicular orientation of
4-CF3-BA compared to 4-NO2-BA on the NiOx surface. We
found that the NO2 group delocalizes electrons of the aromatic
ring, downshifting its LUMO level to a level close to that of the
conduction band of the InP core. This band alignment resulted
in luminescence quenching via electron transfer from QDs to
the 4-NO2-BA molecules. The 4-CF3-BA SAM provided the
optimal amount of shift in energy levels and also achieved
passivation of surface defect states of NiOx. The best interface
molecules enabled NiOx HILs with efficient hole injection and
reduced quenching of luminescence. As a result, we
demonstrated efficient QLEDs achieving EQE 18.8%, a record,
to our knowledge, among inorganic HIL-based QLEDs.

■ EXPERIMENTAL SECTION
Materials. NiOx nanoparticles (Avantama, P-21, 0.15 wt %), BA

(99.5%, Sigma-Aldrich), 4-Cl-BA (99%, Sigma-Aldrich), 4-CF3-BA
(98%, Sigma-Aldrich), 4-NO2-BA (98%, Sigma-Aldrich), PE-
DOT:PSS (Ossila, M121, AI4083), and poly-TPD (American Dye
Sources Inc., ADS254BE) were used without further purification.

QD Synthesis. The red-emitting InP/ZnSe/ZnS QDs were
prepared according to a previously reported method.10 For the
synthesis of the InP core, 4 mmol of indium palmitate was prepared in
100 mL of 1-octadecene by degassing at 120 °C for 1 h. Then, the
solution was heated to 280 °C under N2 condition and 2 mmol of 0.2
M tris(trimethylsilyl)phosphine/trioctylphosphine (TOP) was
quickly injected to the solution. The reaction temperature was kept
at 260 °C. For further growth of the InP cores, 10.5 mmol of 0.2 M
indium palmitate and 5.26 mmol of 0.2 M tris(trimethylsilyl)-
phosphine were added into the flask for 35 min at 260 °C. The InP
core was purified and dispersed in toluene for the shell growth. 1.6
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mmol of zinc oleate was prepared in 80 mL of trioctylamine by
degassing at 120 °C for 1 h. Then, the solution was heated to 180 °C
under N2 flow, and 0.25 g of InP core and 0.2 mL of hydrofluoric acid
solution (10 wt %) were added into the solution. The reaction
temperature was kept at 340 °C. 17.6 mmol of 0.4 M zinc oleate and
16 mmol of 0.4 M Se/TOP were added into the solution for ZnSe
shell growth. Then, 4.8 mmol of 0.4 M zinc oleate and 6.4 mmol of 1
M S/TOP were added for ZnS shell growth. The synthesized red-
emitting InP/ZnSe/ZnS QDs showed the emission band at 630 nm, a
full width at half-maximum of 35 nm, and quantum yield over 90%.
The QDs were purified with ethanol and dispersed in octane for LED
fabrication.

Device Fabrication. The prepatterned ITO glasses were
sequentially sonicated in deionized water, acetone, and 2-propanol
each for 5 min. After drying with nitrogen, the substrates were
exposed to UV-ozone treatment for 15 min to remove organic
contaminants. PEDOT:PSS (Ossila, M121, AI4083) solution was
spun-cast on the substrates at 4000 rpm for 30 s after filtering through
a 0.45 μm polyvinylidene fluoride membrane, and then PEDOT:PSS
films were annealed at 130 °C for 10 min. For NiOx films, 150 μL of
diluted NiOx nanoparticle dispersions (Avantama, P-21, 0.15 wt %)
was filtered through a 0.22 μm polytetrafluoroethylene (PTFE)
membrane before use and spun-cast at 3000 rpm for 30 s and
annealed at 100 °C for 10 min. Annealed NiOx films were UV-ozone
treated for 3 min. NiOx substrates were soaked with SAM solutions
(2.5 mg/mL in anhydrous ethanol) for 30 s, and spin-cast at 5000
rpm for 20 s, and then annealed at 100 °C for 5 min. Unbound SAM
molecules were washed off with pure anhydrous ethanol spin coating
at 5000 rpm for 20 s and annealed at 100 °C for 5 min. All HIL
coated substrates was transferred in the N2-filled glovebox, and then
150 μL of poly-TPD (American Dye Sources Inc., ADS254BE) in
chlorobenzene (6 mg/mL) solution was filtered through a 0.22 μm
PTFE membrane before use and spun-cast at 3000 rpm for 30 s. The
films were annealed at 150 °C for 15 min. InP QD solution was
filtered through a 0.22 μm PTFE membrane before use and spun-cast
at 3000 rpm for 30 s followed by annealing at 150 °C for 15 min.
After cooling down, ZnMgO nanoparticle dispersions in anhydrous
ethanol (70 mg/mL) was filtered through a 0.22 μm PTFE membrane
before use and spun-cast at 3000 rpm for 30 s followed by annealing
at 150 °C for 15 min. The films were then transferred to the thermal
evaporator (Angstrom engineering), and a patterned Al electrode
(100 nm thick) was deposited on top of ZnMgO with a rate of 1.0 Å/
s under a vacuum pressure less than 2 × 10−6 Torr.

NEXAFS Spectra at Various Incident Angles. NEXAFS spectra
of SAMs on NiOx were measured at various incident angles from 20
to 90° in total X-ray electron yield mode at room temperature using
BL-20A at NSRRC. The samples were subjected to an ultrahigh
vacuum chamber (1 × 10−9 Torr). The area under spectra was fixed
over an energy range of 270−300 eV for C K-edge.

LED Performance and Stability Measurement. The J−V
characteristics of LEDs were recorded using a Keithley 647 source
meter. Electroluminescence spectra and luminance at a certain J−V
point were measured using a calibrated fiber-coupled spectrometer
(QE-pro, Ocean Optics) and an integrating sphere.

Hole-Only Device Fabrication and Measurement. Hole-only
devices with the structure of Glass/ITO/HIL/poly-TPD/InP QD/
MoOx/Ag were fabricated. PEDOT:PSS, NiOx, SAMs, poly-TPD, InP
QD, and Ag were fabricated under the same conditions for device
fabrication. 10 nm thick MoOx was deposited with a rate of 0.1 Å/s
under a vacuum pressure less than 2 × 10−6 Torr. The J−V
characteristics of hole-only device were measured with a Keithley
2400 source measuring unit.

Steady-State and Time-Resolved PL Measurement. Steady-
state PL and time-resolved PL were measured using a Horiba
Fluorolog system. A monochromatized xenon lamp was used as the
excitation source for steady-state PL. A pulsed laser diode and a time-
correlated single-photon counting detector were used for time-
resolved PL. The excitation wavelength was 510 nm for both steady-
state PL and time-resolved PL measurement.

DFT Calculation. The whole DFT calculations in this work are
done by FHI-aims code33−35 The default numerical settings, referred
to as “tight” in FHI-aims were used. Spin-polarized treatment for Ni
atom was incorporated into all calculated electronic properties and
geometry relaxations. More specifically, the NiOx in all structures (i.e.,
unit cell, slabs) adopt a type-II antiferromagnetic phase (i.e., the spin
ordering vector is along the [111] direction), as shown in Figure S1a.
Local minimum-energy geometries of the Born−Oppenheimer surface
were obtained with residual total energy gradients below 1 × 10−2 eV/
Å for atomic positions by Perdew-Burke-Ernzerhof-generalized
gradient approximation functional36,37 within the Van der Waals
corrections followed by the Tkatchenko−Scheffler method.38 More
details can be found in the Supporting Information.

SKPM. SKPM was conducted using a Ti/Ir coated AFM tip
(ASYELEC.01-R2, f = 79.029 kHz, k = 3.79 N/m) on an MFP-3D
AFM (Asylum Research). The tip’s deflection sensitivity and stiffness
were calibrated using Sader’s method.39,40 A two-path scanning mode
was adopted where the first path scans the topography of the sample,
and the second path measures the CPD between the tip and the
sample. In the second path, the tip was raised 20 nm above the surface
and applied 1 V of electrical driving amplitude. The images were
collected at a scan rate of 0.5 Hz.

Other Characterization. FTIR spectra were obtained using a
Thermo Scientific iS50 Spectral range 4600−50 cm−1 with ATR
accessory. Samples were prepared on a glass substrates. AFM
measurement was done using an Asylum Research Cipher AFM.
UPS measurement was performed at nanoFAB, University of Alberta,
using a Kratos Axis Ultra spectrometer. UPS was performed with a He
I source (hν = 21.2 eV). The sample was measured under −10 V bias.
The power for UPS was 3 kV × 20 mA (60 W).
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