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Tuning the Optical and Electrical Properties of Few-Layer
Black Phosphorus via Physisorption of Small Solvent

Molecules

Ye Wang, Amine Slassi, Jéréme Cornil, David Beljonne,* and Paolo Samori*

Black phosphorus (BP) is recently becoming more and more popular

among semiconducting 2D materials for (opto)electronic applications. The
controlled physisorption of molecules on the BP surface is a viable approach
to modulate its optical and electronic properties. Solvents consisting of small
molecules are often used for washing 2D materials or as liquid media for their
chemical functionalization with larger molecules, disregarding their ability to
change the opto-electronic properties of BP. Herein, it is shown that the opto-
electronic properties of mechanically exfoliated few-layer BP are altered when
physically interacting with common solvents. Significantly, charge transport
analysis in field-effect transistors reveals that physisorbed solvent molecules
induce a modulation of the charge carrier density which can be as high as
10'> cm~2 in BP, i.e., comparable to common dopants such as F,-TCNQ and
MoO;. By combining experimental evidences with density functional theory
calculations, it is confirmed that BP doping by solvent molecules not only
depends on charge transfer, but is also influenced by molecular dipole. The
results clearly demonstrate how an exquisite tuning of the opto-electronic
properties of few-layer BP can be achieved through physisorption of small
solvent molecules. Such findings are of interest both for fundamental studies

high electron and hole mobility, in-plane
anisotropy and size-tunable direct bandgap
from bulk (0.3 eV) to monolayer (2.1 eV)
make it suitable for fabricating optoelec-
tronic devices in a broad spectral range.?
Compared to multilayer transition metal
dichalcogenides (TMDs), black phosphorus
displays larger surface-to-volume ratio and
higher molecular adsorption energy, which
renders it extremely sensitive to changes
in the environment’! In this regard,
the simple physisorption of atoms and
molecules is a powerful method to modu-
late optical and electrical properties of BP.M

Physisorbed molecules including TCNQ,
F,-TCNQ, TCNE, TTF, PTCDA, ant-
monene, and supramolecular networks
showed to be able to both tune the properties
of few-layer BP and passivate its surface.!
These molecules interact at the noncova-
lent level with BP by doping it via either
charge transfer or molecular-dipole-induced

and more technological applications in opto-electronics.

1. Introduction

2D materials have revolutionized the field of material- and
nano-science owing to their exceptional physical and chemical
properties. Few-layer thick black phosphorus (BP), which is
experiencing a fast growth as a novel class of 2D materials, has
demonstrated excellent properties as semiconducting material
in complementary metal-oxide semiconductor (CMOS).ll The
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shift in work function. In the former case,
the energy level alignment determines the
doping, by favoring the transfer of an elec-
tron from the molecule to the BP (or vice
versa). Conversely, dipole-mediated doping occurs when a polar
molecule is physisorbed on BP. In this case, the dipoles generate
an electric field which functions as a local gate, by shifting the
work function of BP and thus inducing doping. More specifically,
the extent of the doping also depends on the mutual orientation
of the dipolar group with respect to the normal to the surface. In
some cases, the two effects coexist and are difficult to be separated.
While it is rather obvious that large aromatic organic
systems such as those mentioned above could determine the
chemical doping of BP, it is not well-established whether small
molecules physisorbed on BP could also lead to major changes
in optical and electronic properties of the 2D material. Small
molecules have been reported to induce charge transfer on
BP, thus modifying their Fermi level and overall tuning the
electronic and optical properties of the material >*»¢ The high
sensitivity of BP to H,0, NO, NO,, and NH3 makes such a 2D
material a valuable active component for high-performance
humidity and gas sensors.>>% However, the effect on BP of
solvent molecules, which are often considered to be common
small chemical agents in both the process of material production
(especially liquid phase exfoliation), device fabrication and func-
tionalization, have been seldom considered in previous works.
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Table 1. Properties of solvents used in this work.

www.small-journal.com

Solvent Chemical formula Chemical structure Boiling Enthalpy of evaporation Surface tension Dielectric constant ~ Source
point [°C] [k mol™] [dynes cm™]

Acetone CHgO o 56.3 29.9 22.86 20.7 Merck
H3CJ\CH3

Benzene CeHg © 80.1 33.8 28.18 2.27 Merck

Chloroform CHCl; H 61.2 36.2 27.5 4.81 Merck

or'yp

Ethanol CHO H3C/\0H 78.3 42.4 2218 245 VWR

Hexane CeHig HaC >"""CH, 69 32 18.4 1.89 Merck

IPA C3HgO )O\H 82.4 453 21.7 17.9 Merck
HaC” CH,

m-Xylene CgHyg 139.1 42.57 28.9 2.37 Merck

H3C/©\CH3
p-Xylene CgHo CH, 138.4 42,57 28.36 2.27 Merck
CH3
Toluene C;Hg CH; 110.6 38 28.4 2.38 Merck

0

Solvent molecules have been demonstrated to induce a
multitude of effects on TMDs including modifying the charge
carrier density, influencing the exciton and trion formation,
and bringing solvatochromic effect.”) However, a similar level
of understanding on the simple interaction of a solvent residue
and BP has not yet been achieved. Numerous studies have
demonstrated that solvents are indispensable during the exfo-
liation and functionalization of BP, yet under the assumption
of considering solvents to be inert in the tuning of electrical
and optical properties of black phosphorus.’*>8! It is therefore
imperative to unveil the effect of physisorption of different
solvents on the properties of black phosphorus.

In this work, we have carried out a systematic experimental
and computational investigation on the effect of physisorption
of common organic solvents on BP. We targeted nine common
solvents, namely acetone, benzene, chloroform, ethanol, hexane
isopropanol (IPA), m-xylene, p-xylene, and toluene. We have
demonstrated that solvent molecules significantly modify the
charge carrier density in BP field-effect transistors (FETs) and
influence Raman signals by doping, which arises from a combi-
nation of charge transfer and molecular-dipole-induced shift in
work function. Our results provide a text-book proof-of-concept
on the use of physisorbed solvent molecules on 2D materials to
controllably dope BP.

2. Results and Discussion

Solvent molecules are known to determine dielectric
screening and doping when physisorbed on the surface of 2D
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semiconducting materials.”>% To explore the effects of solvents
on BP, FETs were fabricated by E-beam lithography by using
mechanically exfoliated BP flakes as prototypical electroactive
material. In order to avoid undesirable degradation, all manipu-
lations were done under nitrogen atmosphere, inside a glove
box. All the solvents used in this work are anhydrous. The
relevant properties and source of the commercial solvents are
listed in Table 1.

Figure 1 shows typical transfer curve (I vs V;) of a few-
layer black phosphorus FET before and after physisorption of
solvent molecules. The thicknesses of BP flakes were defined
by atomic force microscopy (AFM) measurements with the
representative device shown in Figure 1 comprising a 2.5 nm
thick BP flake (Figure S1, Supporting Information). All the
devices were measured at drain—source voltage Vg, =1 V and
gate voltage V, ranging from —30 to 30 V. The as-annealed BP
transistors show p-type dominant ambipolar transport char-
acteristics. After depositing solvent molecules, the transfer
curves were found to be markedly different depending on the
employed molecule. As revealed in Figure 1a,b, in a typical BP
FET in our experiment, the threshold voltage in hole transport
(Vinp) shows a negative shift of 1.8 V after the physisorption
of m-xylene. Comparatively, acetone induces a positive shift of
7.7 V (Figure 1). The physisorption process was demonstrated
to be reversible by performing a thermal annealing treatment
in N, atmosphere, as shown in the orange dashed curves in
the graphs and in the X-ray photoelectron spectroscopy (XPS)
analysis in Figure S2 in the Supporting Information. We have
analyzed nine different solvents on ten devices (BP thickness
<5 nm) and we have analyzed their threshold voltage change
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Figure 1. Typical transfer curve of few-layer black phosphorus field-effect transistor before and after physisorption of a) m-xylene, and b) acetone.

upon physisorption of solvent molecules. Detailed transfer
curves and average threshold voltage change values of all nine
solvents on BP are plotted in Figure S3 in the Supporting Infor-
mation and listed in Table S1 in the Supporting Information.
Among the solvents investigated, toluene and benzene give
negative shift of Vy, , to thin-layer BP, p-xylene and m-xylene do
not too affect much the transfer characteristics, while hexane,
chloroform, acetone, IPA, and ethanol yield a positive shift of
the Vi, . To better quantify the solvent effect in FETs, we have
calculated the charge carrier density change An resulting from
physisorption of solvent molecules

_ COXA‘/(I’] _ onAvth

e tox€

An =2.40x10"AV,, cm™

(1)
where An is the change in hole (positive charge) density, C,, is
the capacitance per unit area of 90 nm SiO,, e is the elemen-
tary charge, and g, is the dielectric constant of SiO,, AVy,
is the change of threshold voltage in p-type transport and #,, is
the thickness of SiO,.

The linear relationship between shift in Vg, and hole
density change after physisorption of molecules reveals that, as
most semiconducting materials, few-layer BP is rather sensitive
to the solvent residues, being able to modulate the charge car-
rier density up to 102 cm™2 (values for all the solvent molecules
are listed in Table S1 in the Supporting Information). Such a
value is significant and comparable to traditional dopants that
also attain charge modulation in the range 10" cm=2% The
reversible nature of the effect and the differential Vy, shift
recorded with small error render thin-layer BP a promising
material for solvent vapor sensing with high accuracy.

To explore the origin of charge carrier density modulation
in BP by physisorbed solvents, we have taken into account two
major factors: 1) charge transfer between solvent molecules
and BP, 2) molecular dipole induced doping. First, to evaluate
the charge transfer ability of the solvents, density functional
theory (DFT) calculations have been carried out with solvent—
BP systems and the charge transfer has been estimated by
using a Bader charge analysis, as shown in Figure 2. We have
found that, at equilibrium configuration, physisorbed benzene,
p-xylene, m-xylene, and toluene donate electrons to BP whereas
hexane, chloroform, ethanol, acetone, and IPA are prone to act
as electron acceptors. Charge transfer from solvents to BP (or
vice versa) could thus result in a modification in charge carrier
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density in semiconducting BP. Therefore, we compared DFT
calculation results to the charge carrier density change in thin
layer BP FETs in Figure 3. Overall, the experimental results
qualitatively match nicely the results of the Bader charge
transfer analysis, indicating that direct electron transfer plays a
dominant role. More specifically, in hexane, benzene, p-xylene,
m-xylene, toluene, and chloroform, the carrier density changes
comply perfectly with a charge transfer mechanism with a small
error bar. However, there is significantly more scattering of the
results for IPA, acetone, and ethanol, which cannot be not be
fully rationalized based on charge transfer only. Considering
that IPA, acetone, and ethanol possess a much larger dielectric
constant (g, all >15) than hexane, benzene, p-xylene, m-xylene,
toluene, and chloroform (g, all <5), we conclude that the local
electrostatic potential created by molecular dipoles at the BP
surface is non negligible in these cases. Therefore, we next
proceed with the theoretical evaluation of the molecular dipole
effects.

To cast light onto the effect of molecular dipoles, we first
calculated the dipole moment of each molecule investigated
at adsorption equilibrium on BP. The results are reported in
Table 2. They reveal that solvent molecules with large dielectric
constant maintain their comparatively larger dipole moment
even in the physisorbed geometry onto BP (though still much
lower than common organic dopants such as octadecyltrichlo-
rosilane (OTS)). It is difficult to assess quantitatively how
solvent molecule dipoles influence the charge carrier density
of 2D BP, owing to the difficulty in measuring the molecular
areal density (the solvents are volatile at room temperature).
To gain a deeper insight into the competition between charge
transfer and dipole moment in solvent molecule/BP systems,
we have calculated the molecular dipole contribution and
charge transfer contribution on the work function shift of
black phosphorus, as indicated in Table 2. The work function
of 2D materials notoriously varies with charge transfer from/
to the physisorbed molecules and the normal component of
the dipole moment of the adsorbed molecules.'% From Table 2,
we observe, as expected, that the variation in work function of
BP is determined primarily by molecular dipoles in acetone,
chloroform, ethanol and IPA, while charge transfer represents
the dominant contribution in the case of m-xylene, p-xylene,
benzene, hexane, and toluene adsorptions. Among the nine
solvents considered in our work, the molecular contribution
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Figure 2. Equilibrium geometry of the various solvent molecules deposited on BP together with the Bader charge transfer (Q

) between donor (acceptor)

molecules and BP and the total work function shift (A®) due to the presence of the molecular dipole (the latter is obtamed by plotting the plane
averaged electrostatic potential along the stacking direction, as illustrated in Figure S4 in the Supporting Information).

to the modification of work function by acetone, ethanol,
and IPA is around 10 to 100 times larger than other solvent
molecules, i.e., prior to charge transfer mechanism; the perma-
nent dipole in these three molecules gives larger impact to the
doping of BP. When a considerable number of solvent mole-
cules with non-negligible dipoles are physisorbed onto the sur-
face of BP, a local electric field emerges from the dipole, acting
as a local gate to BP. The work function of BP is thus modu-
lated by the molecular gating effect, thus inducing doping.'!
Since the physisorption of these solvent molecules do not

necessarily form self-assembled monolayers on BP surface,
the dipole orientation on the devices with channel length of a
few micrometers is likely disordered. This explains the larger
error bars in the experimental results displayed in Figure 3 for
molecules with a larger dipole moment.

The electronic interaction of BP with the physisorbed
molecules depends on the number of molecules physisorbed in a
given surface area. However, it is extremely complicated to exper-
imentally quantify the precise number of physisorbed molecule
on BP because of the rapid evaporation process of solvents at
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Figure 3. Charge carrier density change of BP FET after physisorption of solvent molecules and calculated Bader charge transfer in solvent—phosphorene

systems.

Small 2019, 15, 1903432

1903432 (4 of 8)

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

il

www.advancedsciencenews.com

Table 2. Calculated work function of BP modulated by physisorption of solvent molecules.
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three solvents is smaller when compared to
aromatic solvents. It is also worth noting that

Systems Molecular dipole [D] ~ Work function [eV] Molecule Charge transfer among polar solvents, BP displayed a better
contribution contribution dispersion in IPA than in ethanol because of
BP 4.560 - - reinforced hydrogen bond interactions and
BP/acetone 3.040 4.430 20103 ~0.028 larger surface tension in 1[11’3/]%, whereas it is
rely dispersed in ne.
BP/chloroform 1.010 4.670 +0.130 -0.020 bare Y d SPe sed in aceto e .
Alongside the versatile modulation of
BP/ethanol 1.542 4710 +0.157 —0.007 charge carrier density in few-layer BP, the
BP/toluene 0.432 4.480 +0.022 -0.102 presence of physisorbed solvent molecules
BP/hexane 0.030 4534 +0.006 ~0.032 also enables to tune other key parameters in
BP/IPA 1.748 4380 0127 0,053 ETP FETs.A I.n first 1gstance, the ﬁel@-effect car-
rier mobility y, which could be estimated as
BP/benzene 0 4.480 +0.003 —0.083
BP/m-xylene 0.420 4.480 -0.015 ~0.065 U= _ L dl (3)
WC, Vi dV,
BP/p-xylene 0.15 4.465 -0.015 -0.080 8

room temperature. For solvent molecules with a small dipole
moment (hexane, benzene, toluene, m-xylene, p-xylene, and chlo-
roform), since the charge transfer mechanism is dominant, and
in view of the good matching between experimental and theo-
retical results of charge transfer versus charge carrier density,
an estimation of the number of molecules taking part to charge
transfer processes can be obtained with the following equation

Anhole '|e | = Mol AG+ (2)

where Any. is the change in hole carrier density, |¢| is the
absolute value of elementary charge, n,, is the number
of molecules adsorbed per unit area (cm?) and Ac' is the
positive charge transfer value. The results are listed in Table 3.
The estimated number of physisorbed molecules is in the range
10" to 10, which is comparable to the doping of common
organic molecules.

For solvent molecules with larger dipole moments, we
estimate qualitatively the number of molecules physisorbed
in a given surface area from literature reported values of sur-
face tension and enthalpy of evaporation of solvent (Table 1).
An indirect way to gain insight into the affinity of the solvent
molecules for the BP consists in the ability of the given solvent
to disperse the 2D material, e.g., in the case of liquid phase
exfoliation. Previous work revealed that BP is poorly dispersed
in solvents with lower surface tension such as acetone, IPA and
ethanol, which implies an unfavorable adhesion of these solvent
molecules onto the surface of BP.I"? In other words, the number
of molecules physisorbed in a given surface area of BP for these

Table 3. Estimated number of physisorbed solvent molecules with
dipole moment <1D on few-layer BP calculated from hole density
changes and charge transfer values.

Solvent Hexane Benzene p-Xylene
Number of physisorbed molecules 9.6 14.8 2.4
[10" cm

Solvent Chloroform m-Xylene Toluene
Number of physisorbed molecules 4.9 8.1 18.6
[10"% ecm)
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where L and W are the channel length and

il

width, respectively. is the maximum

8

slope extracted from the linear region of the transfer curves.
The calculated mobility for both hole conduction and elec-
tron conduction branch of three analyzed devices before and
after depositing solvent molecules are shown in Figure 4a.
Typical hole and electron mobilities are found to amount to
98.33 + 5.05 cm? V7! s7! and 2.30 £ 0.36 cm? V7! 571, respec-
tively. We have also calculated the ratio of both hole and elec-
tron mobility after and before physisorption of solvent, which is
denoted as Uyger/Upefore i Figure 4a. We have found a decrease
in both hole and electron mobility with all e,/ tpefore Saller
than 1. The overall degradation of charge carrier mobility might
be attributed to the introduction of charge impurity by solvent
molecules that enhanced scattering effect. Thus, the motion of
charge carriers are hindered.™ Hole mobility is less affected,
With Uager/Hpefore amounting to 0.81 in acetone and 0.98 in ben-
zene. The electron mobility decreased sharply, with U, ger/Upefore
spanning from 0.48 for m-xylene to 0.66 for benzene. This con-
trast originates from different carrier transport mechanisms
in holes and electrons in BP. The hole transport was found to
be dominated by phonon scattering and was barely influenced
by charge—charge scattering so that the modulation of charge
carrier concentration weakly affects the mobility. Conversely,
electron mobility was mostly limited by charge—charge scat-
tering, implying that charge impurity introduced from surface
functionalization would largely affect the motion of charge car-
riers. Hence, the physisorption of solvent molecules largely
reinforces the scattering effect which prevents the transport of
electrons and decreased the electron mobility in a larger extent
than hole mobility.>14]

Ion/Iog ratio is another key indicator for evaluating BP
devices, which could be deduced by
Ion Ids,max
Ioff Ids,min (4)
where Iysmax and Iysmin represent maximum and minimum
value of drain—source current on transfer curve. Figure 4b,c
displays the I/l ratio before and after the deposition of
solvent molecules. It reveals that in pristine BP FETS, the
Ion/ Lo Tatio ranges between 10° and 10° for hole conduction
and 10* and 10° for electron conduction for all tested devices.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) Analysis of hole and electron mobility of BP FET before and after physisorption of molecules, and I,,//,x ratio of b) hole conduction branch
and c) electron conduction branch of three BP FETs before and after depositing solvent molecules in the order of increasing dielectric constant. The
colored bands marked with “Without solvent molecules” indicate the typical I,,/l. ratio range determined before physisorption of molecules.

The physisorption of solvent molecules did not affect the
I/ Lo ratio while stable off current values were monitored,
indicating that the bandgap E, could not be modified by the
limited number of molecules (=10'* cm~2) physisorbed onto BP
by internal built-in potential.l'”! Furthermore, solvent molecules
are also observed to yield an enlargement of the hysteresis in
the transfer curves due to additional dipolar doping induced by
vertical electrical field when the gate voltage is applied. Detailed
results are shown in Figure S5 in the Supporting Information.
To further characterize solvent effects on BP FETs, we
explored the change in optical properties of BP upon solvent
physisorption. Unlike TMDs whose photoluminescence (PL)
spectra could reflect the level of doping by solvent molecules
via the quantification of the exciton and trion intensity, photo-
luminescence of black phosphorus has barely been studied due
to their small bandgap in few-layer materials and high exciton
anisotropy.?“>16l The complex behavior of excitons and trions
made it difficult to quantify the charge density modulation
by physisorbed molecules, as shown in Figure S6 in the Sup-
porting Information. Therefore, we focus mainly on the Raman
spectra of few-layer BP which are regarded as fingerprint to
properties of BP.I"" For the sake of consistency with electrical
measurements on BP FETs, all Raman spectra were directly
recorded from devices. Pristine and solvent treated BP devices
were transferred in an N, filled spectroscopy holder immedi-
ately after each electrical measurement, ensuring the same
conditions as for electrical characterizations. The spectra were
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compared before and after the spin coating of solvents and were
normalized to the silicon peak at 520.3 cm™!. Three Raman
modes were detected, as shown in Figure 5a,b. Among the
three modes, in-plane vibration modes B,, and A%, are found to
be more inert to surface adsorption than out-of-plane mode A',
in thin BP flakes. A red-shift of the A'; mode was observed in
toluene (A =—1.787 cm™!), benzene (A =-2.372 cm™), m-xylene
(A = —0.694 cm™), as a result of an increase in electron con-
centration who tends to soften the vibrations. The A', mode of
ethanol (A = +0.484 cm™), hexane (A = +1.851 cm™), chloro-
form (A = +1.138 cm™}), IPA (A = +1.687 cm™) undergoes a
blue shift, corresponding to the hardening of BP vibrations by
hole doping.l'”! The Raman trend in the switch of doping is in
accordance to the charge transfer measurements in BP FETs, as
shown in Figure 5c¢, except for volatile solvents such as acetone
and p-xylene due to its low coverage on BP under laser excita-
tion. As for By, and A%, modes, peak shift has values less than
1 cm™! for most of the solvents yet still keeps the same trend as
Al, mode, revealing that electron/hole concentration also yields
variations the in-plane vibration modes.

3. Conclusions

In summary, our electrical and spectroscopic study provided
unambiguous evidence of the power of the physisorption of
solvent molecules on few-layer black phosphorus to tune their

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Raman spectroscopy of few-layer BP upon physisorption of solvent molecules. a,b) representative Raman spectra of n-doping (toluene) and
p-doping (p-xylene) solvent molecules. The dashed lines highlight the obvious shift in A'; mode. c) Comparison of the A'; mode shift of few-layer BP
(in blue) before and after physisorption of solvent molecules compared to corresponding charge transfer changes (in red).

opto-electronic properties via charge transfer and/or dipolar
interactions. In particular, our electrical measurement on field-
effect transistors demonstrated for the first time that tunable
chemical doping can be achieved on black phosphorus using
the modest doping brought into play by the physisorption of
common solvent molecules. Our results revealed that solvent
molecules could not only modulate the charge carrier density
up to 10'?2 cm™2, but also affect carrier mobility and Raman shift
to a large extent. Our findings are of importance both for fun-
damental and more applicative investigations since numerous
solvents are made of small aromatic molecules, which should
therefore not be considered as inert media in the processing,
but rather as a potent remote control for tuning the properties
of 2D materials and consequent device optimization.

4. Experimental Section

Sample Preparation: Few-layer black phosphorus were mechanically
exfoliated from bulk crystal (HQ Graphene) by using the scotch tape
method and transferred onto thermally oxidized heavily n-doped silicon
substrates (Fraunhofer Institute IPMS, ps; =0.001 Q cm, t,, = 90 nm)
in a nitrogen filled glovebox. Their thickness was monitored by optical
microscope combined with Raman spectroscopy and AFM. The samples
were thermally annealed at 200 °C inside a vacuum chamber to desorb
atmospheric adsorbates. Then, they were no longer exposed to air after
the annealing and were characterized only under inert atmosphere
(Ny-filled glovebox). Anhydrous solvents were opened inside the
glovebox. To exclude the dielectric screening caused by environmental
changes after depositing solvent molecules, each solvent molecule is
drop casted on few-layer BP, and spin dried at 2000 rpm for 60 s to
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guarantee the presence of limited number molecules physisorbed on the
surface of the BP. The desorption of solvent molecules was performed
by thermal annealing at 200 °C under N, atmosphere.

Device Fabrication and Electrical Characterization: As-exfoliated few-
layer BP were coated with two layers of PMMA (Allresist, 600 K/950 K)
immediately after exfoliation to avoid air exposure. Top-contact (5 nm
Cr/40 nm Au) field-effect transistors were fabricated by standard E-beam
lithography and lift-off in warm acetone in glovebox. All devices were
annealed under vacuum at 200 °C overnight to remove absorbents. The
characterization of device performance was realized by Keithley 2636 A
under N, atmosphere.

Raman Spectroscopy: Raman and photoluminescence spectra were
recorded in inert atmosphere (N,) by Renishaw inVia spectrometer
equipped with 532 nm laser in a nitrogen-filled sealed holder (Linkam).
Samples were mounted in the glovebox and immediately measured after
annealing or after molecule deposition to avoid exposure to contaminant
chemicals. The excitation power was kept below 1 mW to avoid local
heating damage effects. The wavenumber (energy) resolution was
=1 meV.

AFM Measurement: AFM imaging was carried out by means of a
Bruker Dimension Icon set-up operating in air, in tapping mode, by
using tip model TESPA-V2 (tip stiffness: k=42 N m™).

XPS Measurements: XPS analyses were performed with a Thermo
Scientific K-Alpha X-ray photoelectron spectrometer operating with a
basic chamber pressure of =10 mbar and an Al anode as the X-ray
source (X-ray radiation of 1486 eV). Spot sizes of 400 um and pass
energies of 200.00 eV for wide energy scans and 10.00-20.00 eV for
scans were used.

Computational Details: DFT calculations were carried out within
the projector-augmented wave (PAW) scheme, as implemented in
the Vienna Ab Initio Simulation Package (VASP).'®l The generalized
gradient approximation of Perdew—Burke—Ernzerhof (GGA-PBE) was
used to describe the exchange-correlation potential.'! Grimme’s
semi-empirical DFT-D2 corrections were included to take into account
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the van der Waals interactions between BP surface and molecules. The
kinetic energy cutoff for basis set was chosen at 600 eV.20 A 5 x 5 x 1
supercell model was built and a vacuum of 30 A thickness along the
perpendicular direction was used to avoid any physical interactions
between periodic images. Monkhorst—Pack k-point mesh of 2 x 2 x 1
and 4 x 4 x 1 were chosen to sample the Brillouin zone for geometry
optimizations and self-consistent calculations, respectively.?l The
geometric structure was considered to be converged when the residual
force on each atom was less than 1 x 1073 eV A",

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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