Results in Physics 36 (2022) 105466

Contents lists available at ScienceDirect

Resutts in

Physic

Results in Physics

e

éLEVIE journal homepage: www.elsevier.com/locate/rinp
n
Passivation effect of NTCDA nanofilm on black phosphorus =

Jia Liu®, Shitan Wang®, Baopeng Yang“, Haipeng Xie °, Han Huang, Dongmei Niu®,
Yongli Gao"
@ Institute of Super-Microstructure and Ultrafast Process in Advance Materials, School of Physic and Electronics, Central South University, Changsha, Hunan 410012,

China
b Department of Physics and Astronomy, University of Rochester, Rochester, NY 14627, United States

ARTICLE INFO ABSTRACT

Keywords: The environmental stability of black phosphorus (BP) is very important for its practical application. Here, we
Black phosphorus studied the protective effect of 1,4,5,8-naphthalenetetracarboxylic dianhydride (NTCDA) passivation layer on
Passivation

the BP against air exposure with photoemission spectroscopy (PES) and density functional theory (DFT) calcu-
lations. PES characterization manifests that NTCDA effectively extracts electrons in the BP valence band (VB) and
increases the work function (WF) of BP. The PES results reveal a straddling gap (type-I) band alignment at the
interface, accompanying with an interface dipole of 0.13 eV pointing from NTCDA to BP and band bending of
0.17 eV in BP. The charge transfer of 0.32 electron per molecule from BP to NTCDA is further confirmed by DFT
calculations. Air exposure experimental results demonstrate that NTCDA can improve the environmental stability
of BP and slow down the surface oxidation and degradation. Our work deepens the understanding of the
passivation mechanism of BP and provides more experimental and theoretical insights for BP’s surface modifi-
cation and future applications in Two-dimensional (2D) devices.

Photoelectron spectroscopy
Electronic structure

Introduction

2D materials have received great attention owing to their extraor-
dinary physical and chemical properties such as large specific surface
area, high in-plane mechanical strength and excellent optoelectronic
properties. 2D BP and its mono- and few-layer form are among the most
addressed ones because of its unique properties. BP displays a layer
tunable band gap that ranges between 0.3 eV and 2.0 eV [1]and carrier
mobility of the order of 1000 em? Vs [2]. The relatively weak van
der Waal forces between interlayers and strong in-plane bonding forces
enable BP to achieve seamless exfoliation similar to graphene and
transition metal dichalcogenides (TMDs) [3,4]. BP has high anisotropy
in electronic, optical [5,6] and thermal transport properties [7,8], which
provide opportunities for conceptionally new devices [1,9,10]. The
intrinsically direct band gap of electronic structures makes BP have
broad application prospects in electronics, optical communication, and
optoelectronic devices etc. [11-18]. However, the poor ambient stabil-
ity due to reaction with oxygen and water in the environment results in
rapid decomposition and property degradation [19-21]. It is therefore
indispensable to develop protection methods for BP to overcome the
bottleneck in its optoelectronic applications.
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The passivation strategy can be divided into two categories, i.e.
physical and chemical methods based on the interaction between BP and
the protection layer. Despite the differences, achievements have been
made in effective prevention of BP from swift oxidation in ambient with
different materials. Functionalization with inorganic reagents in chem-
ical methods is feasible. Caporali et al. reported a relevant enhancement
of ambient stability in few-layer BP decorated with nickel nanoparticles
as compared to pristine BP [22]. Additionally, the small n-type organic
semiconductor molecules (OSCs) with conjugated structures are ideal
for BP passivation layer because of, but not limited to the following
advantages: 1) the electron deficient conjugate x skeleton can effectively
withdraw the lone pair electrons of BP and decrease the reactivity of P
atoms with oxygen; 2) the withdrawn electrons from BP are delocalized
in the OSC conjugated n-skeleton and form a soft passivation; 3) the
electronic structure of the molecules can be finely tuned by substituting
the elements with other atoms or groups, i.e. fluoruration or chlorura-
tion, hence finely tune the interaction of the BP and molecular layer; and
4) the higher movability of the small organic molecules on BP makes
self-assembling possible which is important for high quality mono-layer
protection. Gusmao et al. reported that the noncovalent modification of
BP with anthraquinone can effectively limit its degradation in
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Fig. 1. NTCDA molecular structure and the scheme of the assembly reaction
with BP.

O

atmospheric conditions [23]. Bolognesi et al. proposed that the BP-
pyrene derivatives heterostructures can be stable in air for more than
6 months [24]. In theoretical calculations, the electrical, chemical and
optical properties of BP were modified by introducing organic molecules
such as PTCDA [25], TCNQ, tetrathiafulvalene (TTF) [26], tetracyano-
ethylene (TCNE) [27] and phenylenevinylene (PV) [28] onto BP surface.
Zhao et al. proposed with DFT calculation that NTCDA could self-
assemble into stable and close-packed networks to encapsulate BP
[25]. NTCDA is a typical planar organic semiconductor material with 4
cyclic conjugated structures inside, and is often used as n-type material
in semiconductor devices [29,30]. It is a strong electron acceptor which
is expected to effectively withdraw the lone pair electrons of BP. How-
ever, there are few experiment studies on the electronic structure
modification and film growth of NTCDA on BP, and most investigations
are focus on the NTCDA-metal interface [31-36].

In this work, we prepared the NTCDA protection layer on BP (Fig. 1)
and combined PES, atomic force microscopy (AFM), and DFT calculation
to explore experimentally and theoretically how the NTCDA layer
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modify the electronic structure of BP and its protection effect against
oxygen. The results reveal a type-I band alignment at the NTCDA/BP
interface and charge transfer from BP to NTCDA. The upward band
bending in BP demonstrate that NTCDA p-dopped the BP and increase
the WF of BP. DFT calculation shows that the VB and conduction band
(CB) of the hetero junction maintains mainly the characteristics of BP
and the interface state arise mainly from NTCDA. Air exposure experi-
mental results show that NTCDA can improve the ambient stability of BP
surface and slow down the surface oxidation and degradation, in
excellent agreement with the DFT calculations that runs parallel with
the experimental observation.

Experimental and theoretical details

Sample preparation and in-situ PES characterization were performed
in a five-chamber ultrahigh vacuum system including an organic depo-
sition chamber and an analysis chamber equipped with a hemispherical
energy analyzer (SPECS PHOIBOS150), a microwave UV light source(He
I = 21.2 eV) and a monochromatic Microfocus X-ray Source (Al Ky, =
1486.7 eV). More details of the system were given in our own previous
publications [37-40]. The BP single crystal (HQ Graphene) was me-
chanically cleaved in the load lock chamber with a scotch tape to ensure
the cleaning of surface. Vacuum evaporation of NTCDA (Sigma-Aldrich)
thin film was performed in organic molecular beam deposition chamber
(base pressure: 1 x 10~® mbar). The nominal thickness of deposited
molecules was monitored by a quartz crystal microbalance in the OMBD
chamber. The PES measurements were performed at room temperature
with a hemispherical energy analyzer with the base pressure of batter
than 2.0 x 10 1% mbar. Ultraviolet photoelectron spectroscopy (UPS)
spectra were obtained with a bias of — 5.0 V to enable the observation of
the low-energy secondary cutoff edge. The core level spectra in X-ray
photoelectron spectroscopy (XPS) were recorded with a pass energy of
40 eV. The AFM images of the samples were obtained in ambient using
trapping mode of Agilent 5500AFM/SPM. The air exposure environment
was in a dark environment with a relative humidity of 50%.

All DFT calculations were implemented in the Vienna ab initio
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Fig. 2. Schematic Ultra-violet photoelectron spectra of NTCDA/BP heterostructures at increasing NTCDA coverage. (a) The secondary electron cutoff region reflects
the work function change of the interface. (b) The VB region reflects the surface state of the interface. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 3. XPS core level of (a) P 2p (b) O 1 s and (c¢) C 1 s for different coverage NTCDA on BP. The fitting curves of (d) O 1 s and (e) C 1 s core levels. The inset of (d-e)
shows the molecular structure schematic of NTCDA molecule, the oxygen and carbon atoms in different chemical environments have been labeled. (f) The interface

energy alignment of NTCDA/BP.

simulation (VASP) package [41] with the exchange-correlation func-
tional [42] based on Perdew-Burke-Ernzerhof (PBE) generalized
gradient approximation (GGA) [43]. The interaction between electron
and ion was described by the projector augmented wave (PAW) poten-
tial [44]. The Monkhorst Pack scheme was used to sample the Brillouin
zone [45]. Firstly, we optimized the structure of unit bulk BP. A mesh of
7 x 2 x 5 k-point sampling was used for unit cell. The calculated lattice
constants for bulk BP are a = 3.30 10\, b = 4.55 f\, and ¢ = 11.30 A
(Fig. Sla). The relaxed lattice constants for the single-layer BP are a =
3.30 A and b = 4.62 A (Fig. S1b), in good agreement with previous
studies [46]. To study the adsorption of NTCDA on the BP, a4 x 6 x 1
supercell containing 96P atoms was adopted, and a sizable vacuum layer
of 20 A isolated the neighboring periodic images of the BP slab
(Fig. S1c). The six possible sites of adsorptions were considered (Fig. S2).
A mesh of 7 x 5 x 2 k-point sampling was used for bulk BP. To study the
adsorption of NTCDA, a 4 x 6 x 1 supercell containing 96P atoms was
adopted, and a sizable vacuum layer of 20 A isolated the neighboring
periodic images of the BP slab. A mesh of 3 x 3 x 1 k-point sampling was
used for the BP slab and BP-NTCDA systems. The kinetic energy cutoff
was set to be 500 eV for all the calculations. All structures were fully
relaxed until the atomic forces on each atom were smaller than 0.02 eV
A~! and the total energy change was less than 1.0 x 10~° eV. The effect

of van der Waals (vdW) interaction was accounted for by using empirical
correction method proposed by Grimme (DFT-D2), which was a good
description of long-range vdW interactions [47]. The adsorption energy
was defined as: Ea = EBP-NTCDA — EBP — ENTCDA, where EBP-NTCDA,
EBP, and ENTCDA represent the total energies of the NTCDA-adsorbed
BP, the pristine BP, and the isolated NTCDA, respectively. The six
optimized adsorption configurations of NTCDA molecule on BP are
shown in Fig. S3. In order to estimate charge transfer between the
NTCDA molecules and BP, we adopt Bader charge analysis method,
using the Bader program of Henkelman’s group [48].

Results and discussion

As the reactivity of the BP is determined by the frontier orbitals, we
first examined the modification of the BP electronic structures by
stepwise-deposited NTCDA cover layers with UPS measurements. As
seen in Fig. 2, the secondary electron cutoff spectrum shows the sample
WF value is 4.42 eV for pristine BP, which is consistent with previous
report [49]. With NTCDA deposition, the WF increases by 0.3 eV and
saturates at a nominal mass thickness of 12 A. The change in the WF of
the sample suggests that charge transfer and interface dipole occur at the
interface. The VB, valence band maximum (VBM) and VB-1 of BP locate
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Fig. 4. (a) Top and side views of NTCDA adsorbed on BP. The P, C, H and O atoms of BP-NTCDA composite are represented by gray, brownness, white and red balls,
respectively. (b) The charge density difference of NTCDA adsorbed on BP. The yellow and cyan volumes represent electron accumulation and depletion, respectively.
(c) The calculated band structures of the pristine BP (gray dotted line) and the NTCDA-adsorbed BP (red and blue dotted lines) where red and blue lines record the
contributions of BP and NTCDA, respectively. (d) The calculated DOS of the pristine BP (gray line) and BP-NTCDA composite (red line), and the PDOS of BP (green
line) and NTCDA (blue line) for BP-NTCDA composite. The partial charge densities of (e) the VBM, (f) the flat band between VBM and CBM, and (g) the CBM for the
BP-NTCDA composite. The isosurface corresponds to 0.0003 e A3, (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

at 0.83 eV, 0.25 eV and 2.32 eV, respectively. The intensity of the VB
region is largely depressed after growing only 3 A of NTCDA. The swift
decrease of the signal from the VB area indicates adsorption of NTCDA
molecules results in depletion of the electron in frontier occupied or-
bitals of BP. Meanwhile, the highest occupied molecular orbital
(HOMO)-onset, HOMO and HOMO-1 of NTCDA appear and stay at 3.11
eV, 3.50 eV and 3.95 eV, respectively. The same HOMO region also
appears on the thick layer [50] and on the weakly bound NTCDA
monolayer on the GeS (001) substrate [51]. As the WF of NTCDA (4.72
eV) is greater than that of BP (4.42 eV) and the VBM of BP is close to the
Fermi level of NTCDA, the electron transfer from VBM of BP to the
NTCDA molecules is facilitated. This charge transfer causes the VB re-
gion to rapidly disappear at 3 A of NTCDA deposition and electrons
accumulate on the NTCDA side.

To analyze further the electron redistribution and the chemical
environment changes across the interface, we perform the XPS mea-
surement step by step. The full spectrum of different coverage of NTCDA
on BP are presented in Fig. S4. The pristine P 2p core level can be
separated into P 2p 1/2 (blue peak) at 131.05 eV and P 2p 3/2 (red peak)
at 130.18 eV because of the spin orbit coupling as shown in Fig. 3(a).
With increasing NTCDA coverage, the P 2p core level is gradually
attenuated and shifted by 0.17 eV toward lower binding energy (BE),
while the O 1 s and C 1 s peaks of NTCDA arise, as presented in Fig. 3(a-
c). The P 2p core level shift indicates that the adsorption of NTCDA
induced band bending on the BP side because of the electrons transfer
from BP to NTCDA. The O 1 s and C 1 s spectra are decomposed into
several components with Lorentzian-Gaussion fitting [52]. The O 1 s
core level includes two main components (01 and 02) and two satellite
peaks (Og; and Osy), as shown in Fig. 3(d). The O1 peak at 532.13 eV can
be attributed to the oxygen atom of the carbonyl, O2 peak at 533.87 eV
to the oxygen atom bridging the two carbonyl groups, and two satellites
to the shakeup lines of O1 and O2 peaks. The ratio of 01:02 is about

1.99:1, which agrees well with the oxygen atomic stoichiometric ratio of
2:1. Similarly, as shown in Fig. 3(e), there are four carbon components in
the C 1 s core level, including C1 (289.26 eV, carbon atom in carbonyl),
C2 (285.74 eV, carbon atom bonded with C1), C3 (285.46 eV, carbon
atom in aromatic core), C4 (285.09 eV, carbon atom bonded with
hydrogen atom) and satellite Cg [36]. The intensity ratio between four
carbon components is also consistent with carbon atomic stoichiometric
ratio (I¢y:Icoilcsilcs = 2:2:1:2). There are no additional components in
the P 2p, O 1 sand C 1 s spectra, manifesting no new chemical bonds are
formed between NTCDA molecule and BP. Those results are consistent
with the UPS spectra and indicate the physisorption nature of NTCDA on
BP.

To demonstrate clearly the energy level alignment of NTCDA/BP
interface, we summarize the PES evolutions in Fig. 3(f). From the sec-
ondary electron cutoff area in UPS, the WF of BP and NTCDA on BP is
found to be 4.42 eV and 4.72 eV. From the VB region in UPS, the position
of the HOMO level of NTCDA is determined to be 3.11 eV below the
Fermi level, and the VBM of BP locate at 0.25 eV. Taking the bandgap
values of BP (0.35 eV) and NTCDA (3.96 eV) into consideration [50,53],
the conduction band minimum (CBM) of BP and lowest unoccupied
molecular orbital (LUMO) of NTCDA lies 0.1 eV and 0.85 eV above the
Fermi level. The entire energy level of BP has an upward shift of 0.3 eV
compared to the Fermi level. For the inorganic/organic interface, the
shift of the vacuum level (AWF) is composed of two independent effects:
band bending (Egp) of the inorganic semiconductor surface and the
interface dipole (eD) [54]. It can be confirmed from the P 2p core level
shift that the Egg on the BP side is 0.17 eV. The interfacial electron in-
jection barrier from BP to NTCDA is reduced to 0.58 eV because of the
upward band bending in BP side, and such a heterojunction interface can
facilitate the interfacial electrons transport from BP to NTCDA. In
addition, it is determined that there is an interface dipole of 0.13 eV
pointing from NTCDA to BP side by calculating the remaining WF shift.
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Fig. 5. Surface morphology and profile of (a) BP and (b) BP covered with NTCDA film after 24 h air exposure.

The interface dipole originates either from the assembly of polar mole-
cules or the charge redistribution triggered by the deposition layer of
electron affinity in large discrepancy with the substrate [55,56]. In this
work, NTCDA is electron poor molecule with large electron affinity and
can effectively cause electron transfer from BP forming an interface
dipole pointing to BP.

To understand the redistribution of charge on the interface between
NTCDA and BP, we carried out the DFT calculation. We considered six
possible types of adsorptions (Fig. S2). The optimized adsorption
configuration of NTCDA molecule on BP is shown in Fig. 4(a), which has
higher adsorption energy than other adsorption configurations (Fig. S3).
We investigated the charge transfer between NTCDA and BP through the
charge density difference and Bader charge analysis. The charge density
distribution of BP-NTCDA (Fig. 4b) shows that the charge mainly
accumulated on NTCDA molecule and depleted on BP surface. The Bader
charge analysis result shows that the charge transfer from BP to NTCDA
molecule is 0.32 electron per molecule, indicating that the NTCDA
molecule has strong electron withdrawing ability from the VBM of BP,
which is consistent with the swift disappear of VB region in UPS spectra.
In addition, we explored the effect of NTCDA on the electronic proper-
ties of BP. Fig. 4(c) shows the electronic band structures of BP with (red
and blue) and without (gray) NTCDA adsorption. It is clearly portrayed
in the figure that the red and gray dispersion curves of the CBM and VBM
of BP is very similar before and after NTCDA adsorption. There is new
flat blue band appears in the band gap around 0.25 eV, which arises
from the lowest unoccupied state of NTCDA and attract the electron
clouds at the interface from BP. We calculated the density of states
(DOS) of the pristine BP and the projected density of states (PDOS) of the
NTCDA adsorbed on BP to determine the origin of the flat band. As
shown in Fig. 4(d), the DOS of the pristine BP (gray line) and BP-NTCDA
composite (red line) almost completely overlap except for a peak at 0.25
eV, which correspond to the flat band in the band gap. Comparing the
PDOS of pure BP (green line), pure NTCDA (blue line) and BP-NTCDA
composite, we confirm that the flat band belongs to NTCDA and is
almost independent of BP. This flat band act as a local scattering center
which in general will reduce the mobility of carriers and enhance the
recombination of light-excited electron-hole pairs [57]. We further
analyzed the partial charge density of VBM, flat band and CBM, all

illustrated Fig. 4(e-g) with yellow volumes representing electron accu-
mulation. It shows that the charges of VBM and CBM nearly totally
distributed on BP, while the flat band is mainly contributed by NTCDA.
This means the NTCDA and BP are almost independent of each other. In
other words, the adsorption of NTCDA basically will not break the
electronic properties of the pristine BP. Meanwhile, we calculated the
changes of BP work function (Fig. S5) and energy band (Fig. 4c) before
and after the adsorption of NTCDA, and the results showed a trend
consistent with the experiment (Table S1).

From the swift disappear of VB of BP at the deposition of 3 A of
NTCDA in UPS and calculated charge transfer of 0.32 electron per
molecule to NTCDA in DFT, we can anticipate that by extracting valence
electrons from the BP surface, NTCDA is possible to prevent BP from
being oxidized by environment air. To preliminarily check the passiv-
ation effect of NTCDA molecule, surface morphology of bare BP and
NTCDA-covered BP were characterized with AFM after 24 h air expo-
sure. The surface morphology of BP after 24 h exposure is shown in
Fig. 5(a). There are many bubbles with various sizes (0.05-0.5 pm) and
heights (2-22 nm) formed on the BP surface, indicating that severe
degradation occurred on BP surface. The root-mean-square (RMS)
roughness of bubbled BP surface is up to 8.36 nm, and the profile curve
of blue line shows a maximum height of bubble is about 22 nm. The
surface morphology changes of the BP are probably ascribed to the
oxidation of BP. As the molar volume of phosphorus oxides is much
larger than that of BP [58], oxidation may lead to volume increase and
thus results in the expansion toward surface as bubbles. Kwak et al.
explain that the exfoliated BP flake reacts with oxygen molecules once
exposed to air, forming an inevitable thin phosphorus oxide (P4 + 504
— P4010) layers on the surface of the BP. The partially oxidized hy-
drophilic BP surfaces easily adsorb water molecules in the air and turn
into phosphoric acid by the following reaction, P4O019 + 6H20 —
4H3PO4, which appears as topographic protrusions, or bubbles, on the
BP surface [59]. It is hard to tune the component of the bubbles under
certain atmosphere because of the inevitable chemical action, but one
can prevent the degradation process by storing the BP in a nitrogen at-
mosphere to achieve surface protection by reducing contact with oxygen
and water. On the contrary, the NTCDA-covered BP shows a much flatter
surface morphology with a RMS roughness of 0.76 nm, as shown in
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corresponding ones of NTCDA/BP at different air exposure levels.

Fig. 5(b). There are no bubble-like protrusions or other signs of degra-
dation and the profile curve of 1 nm fluctuation indicates that the
NTCDA film is compact and completely encapsulate the BP. Judging
from the morphology of the NTCDA covered, the BP has no observable
degradation on the morphology.

In order to analyze the component of the bubbles and examine the
passivation effect of NTCDA molecules on BP, we performed PES char-
acterization for the exposed bare BP and NTCDA-covered BP. The
bubbled BP shows an extra component of P 2p emerged at 134.85 eV,
4.67 eV lower than pure P 2p, as shown in Fig. 6(a), which can be
assigned to oxidation of BP. These results clearly proved that the
phosphorus atoms on the surface have undergone significant oxidative
degradation, consistent with the out-growing bubbles observed on AFM.
In contrast, Fig. 6(d) shows that the NTCDA-covered BP contained a very
pure P 2p peak at 130.18 eV without any additional components after
24 h, 48 h, 7 x 24 h air exposure, implying that the underlying BP is
pristine and is not corroded in the ambient. After 10 days of exposure,
there is a weaker extra component of P 2p appeared, indicating the
oxidative processes. As shown in Fig. 6(b-c), the cutoff edge of bare BP is
broadened considerably and shifts by 0.41 eV towards the higher BE
after 24 h exposure. Meanwhile, the electronic structure of the VB has
changed significantly, with the original VB and VB-1 state completely

disappeared. The greatly changed cutoff region and VB region indicates
that the BP surface has been severely oxidized [58] and destruction of
the electronic structure occurred. However, UPS of NTCDA-covered BP
after 24 h air exposure in Fig. 6(e-f) shows that the cutoff edge is still
sharp with slight shift 0.09 eV, and HOMO structure of NTCDA is
maintained at 3.09 eV, which confirms that exposure do not destroy the
intrinsic electronic structure of NTCDA/BP. The results after air expo-
sure for 7 days showed no significant shift in the cutoff edge and HOMO
region of the interface, which indicated that the electronic structure of
NTCDA/BP remained stable. In addition, we also investigated the effects
of water and oxygen on the NTCDA/BP interface under illumination,
and the results (Fig. S6) showed the same trend as NTCDA/BP in air
exposure. Air exposure experiments manifested that NTCDA has
improved the stability of BP in the ambient. One can anticipate that if
the substrate temperature can be finely adjusted during the film growth
[35,60] and the annealing [61] can be performed after the film is pre-
pared, a much better NTCDA film quality may be achieved, and this may
lead to a better passivation effect.

To understand the anti-oxidation mechanism of the NTCDA-covered
BP surface, we calculated the physical and chemical properties of the
H30 + O2/BP and H0 + O3/NTCDA/BP system by DFT calculation.
Considering the computation time and coverage, we selected four H,O
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molecules, four O, molecules and four NTCDA molecules. Shown in
Fig. 7(a) are the charge density difference of HoO + O on BP. When
H20 + Oy cluster are directly adsorbed on the surface of bare BP, the
charge transfer from BP to HoO + O cluster is 0.25e. This charge
redistribution may induce the formation of O, anions and lower the
reaction energy barrier of oxidation, to form phosphorous oxides. The
formed P-O bonds at the optimized structure are indicated in red ball
and sticks in Fig. 7(b). The formed phosphorous oxides will further
degrade under the interaction of hydrogen bonds of water molecules and
eventually destroy structure of BP [62]. However, it can be seen from
Fig. 7(c) that the charge transfer from NTCDA to HyoO + O3 cluster for
H0 + O2/NTCDA/BP system, which corresponds with the slight shift in
the second electrons cutoff region of NTCDA/BP after 24 h air exposure
as shown in Fig. 6(e). The P-O bonds is not observed in Fig. 7(d), indi-
cating that the charge transfer from BP to HoO + O cluster is inhibited
and the formation of phosphorous oxides is prevented, and it explains
that NTCDA/BP has a very pure P 2p peak without any additional
components after 24 h air exposure in Fig. 6(d). These results demon-
strate that NTCDA monolayer can reduce the influence of HyO + Oy
system on the electronic structure of BP, which are the crucial factors for
effective passivation of the underneath BP.

Conclusion

In summary, we have prepared a passivation layer of NTCDA on BP
surface with vacuum evaporation and have investigated the interfacial
electronic structure and passivation effect by PES measurements, DFT
calculations and AFM. The UPS and XPS confirmed the interfacial charge
transfer from BP to NTCDA and band bending in BP side. A type-I band
alignment is formed at NTCDA/BP interface. The electrons transport
barrier from BP to NTCDA is 0.58 eV which can facilitate the interfacial
electrical transport. In addition, a physisorption of NTCDA on BP can be
recognized from the XPS examination as no new chemical bonds were
observed. DFT calculations further demonstrated NTCDA molecules did
not break the pristine electronic properties of BP and showed that
NTCDA could effectively inhibit the charge transfer between BP and
H20 + Oq. PES measurements and AFM morphology studies demon-
strate a stable and compact NTCDA thin film was at the surface of BP and
the NTCDA-covered BP preserves its intrinsic chemical properties after
1 week of air exposure. Both PES characterization and DFT calculations
showed that NTCDA can effectively extract lone pair electrons of BP to
achieve chemical passivation, and denser covering of BP with NTCDA
molecules by annealing or controlled film growth is expected to further
suppress the formation of phosphorus oxides. In addition, we compared

the passivation effect of several organic passivation layers prepared by
thermal evaporation, and the results show that the NTCDA passivation
layer has the advantages of little influence on the intrinsic energy level
of BP and better passivation effect (Table S2). Based on the protection
effect of NTCDA on BP and its moderate influence on the electronic
structure of BP, the application of NTCDA/BP is anticipated in high-
performance organic-inorganic hybrid photovoltaic devices [63], field
effect transistors [64,65], and possible heterojunction devices [66-68].
These results promise a simple method to passivate BP without affecting
its electronic properties.
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