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Molecularly Engineered Black Phosphorus Heterostructures
with Improved Ambient Stability and Enhanced Charge

Carrier Mobility

Huanhuan Shi, Shuai Fu, Yannan Liu, Christof Neumann, Mingchao Wang, Haiyun
Dong, Piotr Kot, Mischa Bonn, Hai |. Wang,* Andrey Turchanin, Oliver G. Schmidt,

Ali Shaygan Nia,* Sheng Yang,* and Xinliang Feng*

Overcoming the intrinsic instability and preserving unique electronic
properties are key challenges for the practical applications of black
phosphorus (BP) under ambient conditions. Here, it is demonstrated that
molecular heterostructures of BP and hexaazatriphenylene derivatives
(BP/HATs) enable improved environmental stability and charge transport
properties. The strong interfacial coupling and charge transfer between the
HATs and the BP lattice decrease the surface electron density and protect BP
sheets from oxidation, resulting in an excellent ambient lifetime of up to 21
d. Importantly, HATs increase the charge scattering time of BP, contributing
to an improved carrier mobility of 97 cm? V' s7, almost three times of the
pristine BP films, based on noninvasive THz spectroscopic studies. The film
mobility is an order of magnitude larger than previously reported values in
exfoliated 2D materials. The strategy opens up new avenues for versatile

to 1000 cm? V! 571 and a remarkable
current on/off ratio (=10*-10%) as well as
anisotropic thermal and electronic prop-
erties, which are fascinating features for
exploring next-generation (opto)electronic
devices.>®! Although BP is the most ther-
modynamically stable phosphorus allo-
trope, it is highly vulnerable to oxygen,
moisture, and even light irradiation, due
to abundant lone pair electrons at the BP
surface.”® In particular, the oxidative deg-
radation of the exfoliated single- or few-
layer BP sheets completes within a few
hours under ambient conditions, giving
rise to rapid functional failure. Therefore,
improving the environmental stability and

applications of BP sheets and provides an effective method for tuning the
physicochemical properties of other air-sensitive 2D semiconductors.

1. Introduction

Black phosphorus (BP) is an attractive layered semiconductor
thanks to its extraordinary band structure and puckered crystal
lattice. It exhibits thickness-dependent direct band gaps span-
ning from 0.3 to 2.0 eV,['? a high charge carrier mobility of up

modulating the physical properties of BP
sheets are crucial criteria to fulfill their
practical applications.

So far, various physical and chemical
protocols have been implemented to protect the BP sheets from
oxidation. For example, passivation of the BP surface with a
thin layer of metal oxides (such as AlO,, TiO,)>% or encapsula-
tion with 2D materials (such as graphene, boron nitride)"1? is
usually employed for the device physics studies. However, the
fabrication of such inorganic heterostructures requires careful
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control of film quality or a tedious single-sheet stacking pro-
cess, limiting their scaled-up practice. Alternatively, chemical
functionalization is a preferred strategy in terms of using BP
sheets toward solution processing and the precise control
over the designed properties. For instance, covalent function-
alization of BP, relying on the formation of P—C, P—O—C or
P=N bonds with reactive intermediates such as free radicals,!
nitrenes,™ and carbocations,! protects the topological struc-
ture of BP sheets. However, this strategy largely compromises
their electronic properties due to the direct breaking of P—P
bonds. In contrast, non-covalent functionalization (or surface
coordination) using 1,2-benzenedithiol on BP/AI**,'® Group 13
Lewis acids!! (i.e., AICl; and AlBr;) or Pd-Pd units!"® can pre-
serve or modify the intrinsic properties of BP sheets to a large
extent. However, it is generally less effective to regulate elec-
tronic properties of BP because of the weak interfacial coupling.

Herein, we demonstrate an organic—inorganic hybrid het-
erostructure to enhance the stability of exfoliated few-layer
BP sheets and to tune simultaneously their electronic prop-
erties using hexaazatriphenylene derivatives (HATs). HATs
have a high affinity to the lone pair electrons of P atoms. The
decreased surface electron density and the molecularly thin
coating layer impede the oxidation process of BP sheets and
result in enhanced ambient stability up to 21 d (compared to
only 4 h for pristine BP). Moreover, the strong charge transfer
from BP sheets to electron-acceptor moieties of HATs estab-
lishes a “built-in” electric field at the interfaces, thus influ-
encing the band gaps of BP sheets. The optical band gap (Ej)
and the valence band edge (E,) of BP/HATs molecular hetero-
structures are both tunable, depending on the HATs concen-
tration. As HATs can increase the charge scattering time and
expand the lifetime of free charge carriers in BP, the charge
carrier mobility of BP/HATs thin films was substantially
improved by three times to 97 cm? V! 57, disclosed by the
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THz spectroscopic investigations. This molecular engineering
approach paves the way toward ambient processing and fabrica-
tion of high-performance BP-based devices.

2. Results and Discussion

We have designed two prototypes of hexaazatriphenylene
derivatives (HATS), namely, 5,6,11,12,17,18-hexaazatrinaphth-
ylene (HATNA) and 1,4,5,8,9,11-hexaazatriphenylenehexacar-
bonitrile (HATCN). Both molecules have planar structures and
they contain an aromatic center and abundant cyano groups
(with —C=N or —C=N— bonds) that strongly interact with the
BP surfaces through van der Waals force and 77 interaction,
respectively. They also exhibit low lowest unoccupied molecular
orbital (LUMO), strong electron affinity, unique charge transport
properties’”) and good solubility in common organic solvents.
For example, HATNA and HATCN exhibit LUMO levels of —6.6,
-9.0 eV,2%2 and electron affinity of 2.8, 4.9 eV,12223] respectively.
All of these features make them easy to organize into atomically
thin layers on the surfaces of the dispersed BP sheets, resulting
in solution-processable BP/HAT molecular heterostructures.

The HATs were synthesized according to the reported pro-
cedures,? and defect-free BP nanosheets (3-10 layers) were
prepared by an electrochemical exfoliation approach (Figure 1
and Figure S1, Supporting Information).>-28l The noncovalent
stacking process was performed in an argon-filled glovebox. In
a typical experiment, 0.1 mg of HATs was added into a 10 mL
BP dispersion in dimethylformamide (DMF, 0.5 mg mL™).
Then, the solution was gently stirred in the glovebox, resulting
in a dark colloidal suspension after 24 h.

The morphology and structure of the obtained BP and BP/
HATs sheets were examined by scanning electron micros-
copy (SEM), transmission electron microscopy (TEM), and

heterostructures

Figure 1. Schematic illustration of the fabrication of BP/HAT molecular heterostructures in solutions.
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atomic force macroscopy (AFM). The BP/HATs sheets display
a similar 2D nanostructure to the pristine BP sheets (Figures
S2 and S3, Supporting Information), suggesting a negligible
morphological change after the functionalization by HATs. By
contrast, the average thickness of BP/HATNA and BP/HATCN
changes to 5.2 and 5.5 nm, respectively, almost 1 nm thicker
than the pristine exfoliated BP sheets (4.4 nm) based on a sta-
tistical calculation of more than 50 flakes from their AFM
images (Figure 2a—c and Figure S4, Supporting Information).
This result confirms the molecularly thin HAT layers on the
BP surface. In addition, X-ray diffraction (XRD) patterns of
BP/HATs exhibit the same characteristic diffraction peaks as
the pristine BP sheets (Figure 2g), indicating a well-preserved
lattice structure of BP. The elemental maps reveal that the P,
C, and N are distributed homogeneously in BP/HATs films
(Figures S5 and S6, Supporting Information), confirming the
anchoring of the organic molecules onto the BP surface suc-
cessfully. This result was also supported by blurred diffraction

sp|b

BP/HATNA C

6nmﬂ

www.advmat.de

rings originating from the amorphous organic molecules and
sharp diffraction spots from the BP lattice in selected area
electron diffraction (SAED) patterns (Figure 2d—f). Moreover,
high-resolution TEM images (HR-TEM) of BP/HATs do not
present atomic fringes, which is consistent with the amorphous
nature of HAT molecules (Figure S7, Supporting Information).
The surface chemical composition of BP and BP/HATs sheets
was elucidated by X-ray photoelectron spectroscopy (XPS). As
depicted in Figure 2h and Figure S8 (Supporting Information),
the P 2p;/, and P 2py), peaks of pristine BP are located at 129.9
and 130.7 eV, respectively, in good agreement with the previous
reports.?>3% As for BP/HATs, new components (i.e., P*) cen-
tered at 129.6 and 130.4 eV are assigned to the positively charged
P atoms.B! Moreover, the N 1s spectra show a similar trend to
P 2p (Figure 2i). Three components, namely, N~ (3977 eV), N°
(399.2 eV), and N* (401.7 eV) in the N 1s spectra of BP/HATSs,
can be ascribed to the negatively charged molecules, electroneu-
tral molecules, and the shakeup process,?2%3 respectively. The
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Figure 2. Characterizations of BP and BP/HAT sheets. a-c) AFM images, d—f) SAED patterns, g) XRD patterns and h,i) high-resolution XPS spectra
of P 2p and N 1s of BP, BP/HATNA and BP/HATCN, respectively. j,k) The calculated charge densities of BP/HATNA (top) and BP/HATCN (bottom),
respectively.
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Figure 3. The ambient stability of BP and BP/HATs. a—c) AFM images and d—f) Raman spectra of a BP, BP/HATNA, and BP/HATCN sheets exposed

in air for different days.

emerging P* and N~ species in both samples clearly indicate the
electron transfer from P atoms into HATs molecules, leading to
an electron accumulation layer in HATs and a depletion layer in
BP, thus creating a “built-in” electric field at BP/HATs interfaces
(Figure S9, Supporting Information). Due to the higher electron
affinity and lower LUMO of HATCN than HATNA, BP/HATCN
possesses more pronounced P* and N~ peaks than BP/HATNA,
causing a stronger electron transfer from BP to HATCN to form
a stronger static electric field. This phenomenon was further
supported by density functional theory (DFT) calculations.}*3°]
Figure 2j,k and Figure S10 (Supporting Information) show an
optimized adsorption configuration of the molecules on the BP
surface. The adsorption energies of HATNA and HATCN on BP
are 2.17 and 2.56 eV, respectively. Evidently, the higher adsorp-
tion energy of HATCN leads to the stronger interaction with BP
than that of HATNA. The regions of electron accumulation and
depletion are displayed in yellow and green, respectively. The
charge distributions clearly show that strong electron accumu-
lation occurs around the molecules, while hole accumulation
appears at the BP surface (Figure S11, Supporting Information).
This observation further proves that the adsorbed molecules
can draw electrons from BP, thereby achieving p-type doping.
The average number of electrons transferred from a layer of BP
to a HATNA or HATCN molecule is calculated to be 0.35 e or
0.65 e, respectively, which is consistent with the XPS results.

Adv. Mater. 2021, 2105694 2105694 (4 of 8)

As a result, BP/HATs exhibit enhanced ambient stability
compared with pristine BP. For example, in Figure 3a, the sur-
face of BP sheets presents a dramatic change in a few hours.
The emergence of P,O, in 4 h, in the form of small bubbles,
evolves quickly to large particles within 12 h, similar with the
previous reports.”l Raman spectra confirm such a degrada-
tion process. As shown in Figure S12 (Supporting Informa-
tion), BP has three characteristic modes,***”) namely, A', B,,,
and Ag% The intensity ratio of A,'/A.” is related to the oxida-
tion levels.*® Figure 3d reveals that the A,'/A.? values of BP
drop sharply to 0.08 after 12 h exposure, indicating severe oxi-
dation. In contrast, BP/HATs are more stable under ambient
conditions. As shown in Figure 3b,c, the morphology of BP/
HATCN (5 nm thick) does not change after exposure in air for
14 d, some flakes around 10 nm thick are stable even after 21 d
(Figure S13, Table S3, Supporting Information). Moreover, the
ratios of A,'/A,? in BP/HATs distribute in the range of 0.3-0.7,
revealing good structural stability (Figure 3e,f). It is well known
that the reactivity of BP is directly related to the lone electrons
pairs of P atom."”] In our approach, HATs could decrease sur-
face electron density and organize into an encapsulating thin
layer, preventing the access of oxygen/water to the BP surface,
thereby improving the ambient stability of BP sheets.

The “built-in” electric field at the BP/HATS interfaces, sim-
ilar to that of graphene/tetrafluoro-tetracyanoquinodimethane

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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(F4-TCNQ) complex, 323 provides an opportunity to modulate
the band structure of BP sheets, depending on the adsorbed
density of HATs. The optical band gap (E,) and the valence
band edge (E,) of BP and BP/HATs were investigated by
ultraviolet-visible (UV/Vis) absorption spectroscopy and
ultraviolet photoelectron spectroscopy (UPS), respectively
(Figures S14-S17, Supporting Information). The conduction
bands (E,) of BP and BP/HATSs were calculated by the equation
E.= E, + E,. As depicted in Figure 4a, E, and E, of the pristine
BP are 0.9 and -4.85 eV, respectively. Notably, E, and E, of BP/
HATs are tunable according to the HATs concentrations (C).
For example, in BP/HATNA, E, significantly decreases from
0.64 to 0.48 eV when Cyarna increases from 0.01 to 0.5 mg
mL~, while FE, shifts from -5.97 eV down to -7.81 eV. The fur-
ther increase of Cyarna 2bove 0.5 mg mL™! gives rise to a
minimal Eg of 0.46 eV and E, of -7.98 eV. This is probably asso-
ciated with the fully molecular coverage at the BP surfaces
that achieves a maximum “built-in” electric field. Compared
with BP/HATNA, the E, of BP/HATCN is reduced to 0.21 eV,
and its E, shifts down to -6.31 eV at Cyarey = 0.01 mg mL™,
because of the stronger interaction between lone electron
pairs of BP and rich cyano groups of HATCN. Furthermore,
the E, and E, of BP/HATCN present a similar trend as BP/
HATNA. When the HATCN concentration reaches 2 mg mL™,
the E, and E, of BP/HATCN achieve minimal values of 0.13
and —7.80 eV, respectively.

The band structures of BP and BP/HATSs are further studied
by first-principle calculations (Figure 4b—d and Figures S18

www.advmat.de

and S19, Supporting Information). We selected monolayer
BP as the model material to simplify the calculation process,
as opposed to the few-layer BP used in the experiments. To
exclude the possible interaction between HATs molecules,
we took one HATs molecule per 5.7 square nanometer of BP
lattice as the loading density for the calculation. As a result,
pristine BP is a direct gap semiconductor with a bandgap
of 0.85 eV at T point, consistent with the calculated results
from the literature.*) After functionalization, the band gaps
of BP/HATS are significantly decreased to 0.52 and 0.14 eV by
using HATNA and HATCN, respectively, which support the
experimental results. We found that the narrower bandgaps of
BP/HATS result from the flat energy levels close to the Fermi
levels (Eg). To gain a deeper insight into the emerging flat
bands, the density of states (DOS) and the projected density
of states (PDOS) of BP and BP/HATs were studied. As shown
in Figure 4c,d, the flat band originates primarily from the
adsorbed HATs molecules and is almost independent of BP.
Such flat bands are the localized electronic states, which act as
acceptor states in BP/HATs systems and facilitate the electron
transfer process from BP to HATs.[#42

To understand the effect of HATs functionalization on the
charge carrier transport properties of BP sheets, we employed
optical-pump THz-probe (OPTP) spectroscopy to investigate
time- and frequency-resolved photoconductivity of pristine BP
and BP/HATS films. As schematically shown in Figure 5a, fol-
lowing optical excitations by =3.1 eV (400 nm) ultrafast laser
pulses, we optically inject charge carriers into the samples.

-2
a 3‘ BP BP/HATNA BP/HATCN
4] 2 o001 o005 01 o0s 1.0 2.0 001 005 01 05 1.0 2.0
— g -1 -1
35| awm s» - i
Y % —, 610 g29
] 597 ___ 655 = =
7] 650 ___ 733 631 a6 285 708
] 705 — 151 750 700 o I8 aer
8 TH T 7% T a0
-9
b 277yv ¥,
~17
S
R
=
207
[}
{ = - =
w =
=17 =
P /\ »
2T Xs T 2r Xs T 2T Xs T
K-Path PDOS(a.u.) K-Path PDOS(a.u.) K-Path PDOS(a.u.)

Figure 4. The band structures of BP and BP/HATs. a) The band structures of BP, BP/HATNA, and BP/HATCN with the variation of HATs concentrations
from 0.01 to 2 mg mL™". b—d) Band structures and projected densities of states for BP, BP/HATNA, and BP/HATCN, respectively.
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Figure 5. THz studies on the microscopic charge carrier transport properties of BP and BP/HATs films. a) Illustration of optical-pump THz-probe
(OPTP) spectroscopy. b) Photoconductivity dynamics of BP, BP/HATCN, and BP/HATNA normalized to the incident photon density. Samples are
excited by a pulsed laser with a photon energy of =3.1 eV and an incident photon density of 3.8 X 10> cm~2 under a dry nitrogen environment. c)
Normalized photoconductivity dynamics based on the data in (b). Solid lines are biexponential fits to the data (see Supporting Information). d—f)
Frequency-resolved complex THz photoconductivity (measured at 2 ps after the maximum photoexcitation) for BP, BP/HATNA, and BP/HATCN films,
respectively. The solid lines correspond to the Drude-Smith fits to the data.

The photoconductivity (Ao) is subsequently probed by a single-
cycle THz pulse (=1 ps duration) to measure the pump-induced
and relative change in the transmitted electrical field (E), fol-

lowing: Ao o< (—%) (see Supporting Information for details).

In Figure 5b, we compare the photoconductivity dynamics of
the three samples divided by the incident photon density. Upon
photoexcitation, they all exhibit an ultrafast rise in the photo-
conductivity, due to the optically injected free charge carriers,
followed by a relaxation process on the order of tens of ps.
Remarkably, the photoconductivity of BP/HATS is much higher
than that of pristine BP under the same incident photon den-
sity, indicating substantially enhanced charge mobility in BP/
HATs. Moreover, HATs enhance the lifetime of charge carriers
in BP, as clearly demonstrated in the normalized dynamics in
Figure 5c. The averaged carrier lifetimes (see detailed discus-
sion in Supporting Information) follow a trend: tgp (=14 ps)
<tgpuarcn (=32 PS) <tgp/uarna (=42 ps). For pristine BP, it has
been well-known that oxidation can take place at BP surfaces
owing to abundant lone pair electrons. This leads to the genera-
tion of unavoidable defect states in BP. As we demonstrated in
Figure 4a,b, HATS coating can effectively protect BP from oxida-
tion by decreasing its surface electron density. As such, HAT
treatments not only extend the lifetime but also enhance the
mobility of photogenerated charge carriers in BPs.

Adv. Mater. 2021, 2105694 2105694 (6 of 8)

To further elucidate the origin of the enhanced photoconduc-
tivity in BP/HATS, we measured the frequency-resolved complex
THz photoconductivity dynamics of HATNA, HATCN, BP, and
BP/HATs at =2 ps after the maximum photoconductivity. For
comparison, the HAT molecules themselves do not present any
photoconductivity (Figure S20, Supporting Information). As
shown in Figure 5d-f, the obtained frequency-resolved complex
THz photoconductivity of BP and BP/HATs can be well-fitted
by the Drude-Smith model (see SI for details), which describes
the confined transport of charge carriers as a result of spatial
confinement (e.g., grain boundary and structural configura-
tion). According to the Drude-Smith fits, BP, BP/HATCN, and
BP/HATNA exhibit effective scattering times of 7zp = 35 £ 5 fs,
Tgp/aaten = 58 + 3 fs and zap/arna = 88 * 3 fs, respectively. The
longer scattering times for BP/HATS reflect the observed higher
photoconductivity in both samples compared to the pristine
BP due to lower defect density following the discussion in the
last section. We selected the effective mass of 5-layer BP
(m* = 0.19 m)!*! from the reference to evaluate the trend of the
mobility improvement for BP/HATS because the BP sheets we
used in this work are about five layers, and the effective masses

of the BP and BP/HATs at such thicknesses are expected to be
et

Supporting Information) of BP, BP/HATCN, and BP/HATNA

very similar. The charge mobilities (¢ =—(1+¢), see details in
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films in the dc limit are 35+ 5, 69 + 3, and 97 £ 3 cm? V17,
respectively. Note that, the long-range charge transport in the
films is suppressed due to the difficulty for charge carriers
to migrate between the individual BP flakes. Still, the charge
mobility of BP/HATNA films represents one of the highest
values for BP sheets and other conventional inorganic 2D mate-
rials prepared by liquid-phase exfoliation (Tables S4-S6, Sup-
porting Information). The ambient stability of the electronic
properties of BP and BP/HATSs was further studied by OPTP
spectroscopy. We select a high incident photon density of
3.2 X 10 cm™ in air to accelerate their potential degradation
processes, as opposed to the much lower incident photon den-
sity of 3.8 x 10'2 cm™ that we used to characterize their charge
transport properties (see details in Supporting Information).
As shown in Figure S21 (Supporting Information), BP/HATs
exhibit stable photoconductivity during high-power illumina-
tion in air, whereas BP shows a substantial decrease in photo-
conductivity up to =90 %. This result further demonstrates the
superior stability of BP/HATS, and it is in good agreement with
the AFM and Raman characterizations.

3. Conclusion

In summary, we have demonstrated a molecular engineering
strategy to prepare ambient stable BP/HAT hybrid heterostruc-
tures. This strategy not only modifies the band structure of BP
sheets but also improves their charge mobility. HATs serve as
electron acceptors that withdraw lone pair electrons from P
atoms, resulting in a strong charge transfer from BP surface
to HAT layer and leading to an improved ambient stability of
BP/HAT sheets for up to 21 d. THz spectroscopic studies reveal
that HATS substantially extend the scattering time of BP/HATs
and yield a charge carrier mobility of 97 + 3 cm? V! s7! for BP/
HATNA film, which is much higher than that of the pristine BP
film (35 £ 5 cm? V! s7Y). Our strategy provides a nondestructive
pathway to protect BP sheets from degradation and to tailor
their electronic properties. The future endeavor to synthesize
novel organic molecules and/or other air-sensitive 2D materials
can greatly expand the family of such hybrid molecular hetero-
structures with a variety of unprecedented new functions.
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