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Abstract

Black phosphorus (BP) is a layered material with anisotropic properties. We study
interfaces formed by a pentacene monolayer adsorbed on monolayer BP, a prototypical
system for BP surface passivation. We place the pentacene monolayer along the zigzag
and armchair directions of the BP substrate, respectively, to examine the anisotropy
of the heterogeneous interfaces. We perform first-principles GW plus Bethe-Salpeter
equation (GW-BSE) calculations to determine the quasiparticle and optical properties.
To quantitatively analyze the anisotropy of the optical properties, we develop a general
computational scheme to decompose the interface excitons into different contributions.
We find a distinct charge-transfer exciton formed when the monolayer pentacene is
placed along the armchair direction, and discuss how the anisotropy of each component
is modulated by the interface. Our results shine a light on the understanding of the
BP surface passivation via molecular adsorption and provide a benchmark for future

experimental and computational studies.



Introduction

Black phosphorus (BP) has attracted significant attention as a low-dimensional layered ma-

terial. 1 Perhaps its most prominent feature is the in-plane anisotropy, manifested in the

t, 9-13 14-16

optical absorption,*® electrical and thermal transpor plasmons, electron-photon

17,18

and electron-phonon interactions, among others. These properties make BP suitable

for various applications, such as optical linear polarizer,* photodetector, ! and gas sensor.?’

Furthermore, BP features direct electronic band gaps that can be tuned by the number of

22,23 24,25

layers, 2! promising for applications in field-effect transistors and photonics.
One challenge in the development of BP-based functional devices is to address its degra-
dation in ambient conditions. 26728 This instability can be largely mitigated by passivation and

29-32 or molecular adsorbates.3373% It is therefore

encapsulation using other layered materials
of paramount interest to quantitatively understand the effect of the passivation or functional-
ization on the properties of BP. Although the stability of the passivation has to be evaluated
experimentally, first principles calculations are suitable to elucidate the modulation of elec-
tronic and optical properties induced by the functionalization. In fact, the doping of atoms
and the adsorption of molecules on the BP surface have been the object of many prior stud-
ies. 2036 Among others, Ref. 37 showed that the electronic and optical properties of few-layer
BP could be effectively tuned by other extended substrates and layered materials via many-
body effects. For the interfaces formed between BP and molecular adsorbates, additional
questions arise. Monolayers of organic molecules could form along either the armchair or
the zigzag direction of the BP, giving rise to potentially anisotropic behaviors in addition to
the intrinsic anisotropy of pristine monolayer BP. We will try to address the following two
questions in this work: How would different orientations of the molecular layer modulate
the anisotropy of the BP surface? On the other hand, how would the anisotropy of the BP
surface affect the properties of the molecular adsorbate?

Here, we leverage state-of-the-art first-principles GW-BSE formalism (G: Green’s func-

tion; W: screened Coulomb interaction; BSE: Bethe-Salpeter equation) within the frame-



work of many-body perturbation theory3®*4° to study the electronic and optical properties
of the prototypical interfaces formed between a monolayer of pentacene molecules and the
monolayer BP. For a full account of the anisotropy in such interface systems, we consider
two orientations of the molecule monolayer adsorbed on the BP surface, where the long axis
of the pentacene molecule is aligned along either the armchair or the zigzag direction of
BP. For each interface structure, we consider the optical absorption of light polarized along
either the armchair or the zigzag direction of BP, which gives rise to the optical anisotropy
of pristine monolayer BP. The GW-BSE approach systematically improves over local and
semi-local density functional calculations of quasiparticle and optical properties of heteroge-
neous interfaces,*'™43 thanks to its capturing of the long-range dielectric screening, crucial in
an accurate description of the interfacial level alignment.**% In addition to standard GW-
BSE calculations, we further develop a new computational analysis tool to decompose the
excited states of the interface (as calculated from BSE) into different contributions, useful in
understanding the nature of each peak in the absorption spectra and unraveling the interface

effect in modulating the excitonic properties of each individual component.

Computational Methods

Modeling and Geometry Optimizations

We start by relaxing the lattice parameters and atomic coordinates of the monolayer BP
unit cell structure using the Perdew-Burke-Ernzerhof (PBE) functional*® as implemented in
the Quantum ESPRESSO package.*” The calculation uses the optimized norm-conserving
Vanderbilt (ONCV) pseudopotentials,?® a k-mesh of 12x8x1, and a kinetic energy cutoff
of 50 Ry. The resulting in-plane lattice parameters are ¢ = 3.30 A and b = 4.63 A, in
good agreement with previously reported values®® of 3.35 A and 4.62 A, respectively. After
the monolayer BP unit cell relaxation, we build two pentacene:BP interfaces. In the first

(second) one, the interface consists of a 6x2 (3x4) supercell of monolayer BP and the long



axis of the pentacene molecules is aligned along the zigzag (armchair) direction of the BP.
For simplicity, we call this system the “zigzag interface” (“armchair interface”) in this work.
In both cases, the interface cell is 30.0 A along the ¢ direction and we note that the choice of
supercell sizes ensures the same coverage for the molecular adsorbate. During the relaxation
of the interface, the substrate BP atoms are kept fixed in their relaxed monolayer positions
and the coordinates of the adsorbate molecule are fully relaxed until all residual forces are
below 0.05 eV/ A. This strategy allows us to focus on the electronic interactions across the
interface by ignoring the difference in the substrate geometries. At the PBE level, we have
explicitly checked that the resulting interfacial level alignments are nearly the same as those
obtained for the fully relaxed interfaces. The relaxations use the vdw-DF-cx functional,*” a
k-mesh of 2x4x1 (4x2x1) for the zigzag (armchair) interface, and a kinetic energy cutoff
of 70 Ry. The resulting molecular monolayer is nearly flat on the BP surface, and we found
an adsorption height of about 3.28 A (3.38 A) for the zigzag (armchair) interface. Fig. 1
shows the relaxed structures of the two interfaces.
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Figure 1: Schematic representations of the pentacene:BP (a) zigzag interface and (b) arm-
chair interface. The blue boxes denote the interface simulation cell.

Details of GWW Calculations

It is well-known that semi-local functionals could not quantitatively describe the interface
quasiparticle electronic structure. We then proceed with GoW,@QPBE calculations for an ac-

curate description of the interfacial level alignment. We include 9600 bands (corresponding



to 6.0 Ry) in the summation to compute the static Kohn-Sham polarizability in the random-
phase approximation. The self-energies are evaluated using the Hybertsen—Louie generalized
plasmon-pole model®® for the frequency dependence of the dielectric function, the semicon-

0 and

ductor screening for the treatment of the ¢ — 0 limit, the slab Coulomb truncation,?®
the static remainder® to improve convergence, as implemented in the BerkeleyGW pack-
age.” As a convergence study, we have performed the same G(W,@PBE calculations for the
monolayer BP unit cell, using 800 bands (corresponding to 6.0 Ry) in the calculation of the

dielectric function, commensurate with the parameters used for the interface. We found a

band gap of 2.13 eV, in good agreement with results from prior GW calculations (2.0 eV?).

Details of BSE Calculations

We perform BSE calculations of the optical properties based on the GW quasiparticle elec-
tronic structure, for the two orientations of the interface. We include 20 valance and 20
conduction bands in the active space in computing the interaction kernel for the interface,
4 valance and 4 conduction bands in the calculation of the freestanding monolayer BP unit
cell, and 12 valance and 12 conduction bands in the calculation of the freestanding mono-
layer pentacene. The BSE Hamiltonian is then interpolated from a coarse k-mesh of 2x4x1
(4%x2x1) to a finer k-mesh of 6x12x1 (12x6x1) for the zigzag (armchair) interface before
the diagonalization, which corresponds to a fine k-mesh of 36x24x1 for the monolayer BP
unit cell. As convergence studies, our parameters for the monolayer BP unit cell yield an
optical absorption peak of 1.18 eV (2.80 eV) when the light polarization is along the arm-
chair (zigzag) direction, in good agreement with Ref. 5 where these values are 1.2 eV and

2.8 eV, respectively.

Decomposition of Interface Excitons

For the heterogeneous interfaces, eigenvectors of the BSE Hamiltonian represent excited

states of the entire interface, while it is often useful and intuitive to decompose these interface



excited states into different contributions - those localized on the adsorbate, those localized
on the substrate, and the charge-transfer ones across the interface - to unravel the interface
effects on the excitonic properties of each individual component. Here, we develop a new
and general computational scheme to achieve this goal and apply it to the pentacene:BP
systems, which we show leads to the assignment of the peaks in the absorption spectra and
quantitative insight into the change of the excitonic properties after the formation of the
interface. We note that this scheme of computational analysis is applicable to any weakly
coupled interfaces (i.e., without bond breaking upon formation of the interface).

For each excited state of the interface, i.e., an eigenvector of the BSE Hamiltonian of the

entire interface, one can write (for simplicity, we suppress the k indices in the equations)

occ. vir.

U (re, 1) = Z Z Ayedy(rn)de(re). (1)

vetot cetot

Here, r, (ry) is the coordinate of the electron (hole); v (¢) runs over all occupied (unoc-
cupied) Kohn-Sham orbitals of the interface, ¢, (¢.). Ay is the expansion coefficient. We
then perform linear expansions of interface orbitals (“tot”) in terms of the orbitals of each

component (the molecule, “mol”, and the substrate, “sub”) in its freestanding phase:

o(rn) = D Crgi(rn) + Y Crib5(ru);

T S (2
¢c(re) = Z Cca¢a(re) + Z chgbb(re)'

a€mol besub

Here, i and j (a and b) run over the occupied (unoccupied) orbitals of the freestanding molec-

ular layer and the freestanding substrate, respectively, and the C’s are expansion coefficients.



Substituting Eq. (2) into Eq. (1), we find

occ.  Vir. occ.  vir.
r67 I°h E E Avc 5 5 caq5 ry (Zsa (re)
vEtot cetot i€mol a€mol
occ.  vir. occ.  Vir.
+ E E Avc E E O ch¢ Iy ¢b (re)
vEtot cEtot j€sub besub (3)
occ. Vir. occ.  vir.
+ E E Avc E § cb¢ Iy be(re)
vEtot cetot i€mol besub
occ. Vir. occ.  vir.
—+ E E Avc E g ca¢ I'h ¢a(re>‘
vEtot cEtot j€sub a€mol

The term in the first row of Eq. (3) has both the hole r, and the electron r, localized on
the molecule, therefore describes an excited state localized on the molecule. Similarly, the
term in the second row describes an excited state localized on the substrate. The term in the
third (fourth) row has the hole ry, localized on the molecule (substrate) and the electron r,
localized on the substrate (molecule), therefore describes a charge-transfer excitation from

the molecule (substrate) to the substrate (molecule).

Results and Discussion

Electronic Structure from DFT and GW

Fig. 2(a)(b) show the band structures of the two pentacene:BP interfaces calculated using
the PBE functional. To highlight the contributions from each component, we color code
the bands that are localized on pentacene (BP) with blue (red), via projections of interface
orbitals onto orbitals of the freestanding monolayer pentacene (BP). In the zigzag (armchair)
interface, the adsorption of the monolayer pentacene leads to a 0.25 eV (0.18 eV) reduction in
the vacuum level compared to that of the pristine monolayer BP, with the latter set to zero in
all panels of Fig. 2. Both interfaces form a type-II heterostructure, with the highest occupied

molecular orbital (HOMO) of pentacene above the valence band maximum (VBM) of BP. In



both cases, the pentacene HOMO is dispersionless (in contrast to the herringbone structure
that the pentacene typically forms in the bulk crystal®) and has negligible hybridization
with BP orbitals. The lowest unoccupied molecular orbital (LUMO) of pentacene, on the
other hand, hybridizes with the BP orbitals in certain regions of the Brillouin zone, due to
being close in energy with BP conduction bands.

The color code used in Fig. 2(a)(b) can be quantitatively described by the linear expan-
sion of interface orbitals using the orbitals of the freestanding components, as in Eq. (2).
Here, we report the largest expansion coefficients at the I' point. For the zigzag interface
[Fig. 2(a)], for the interface orbital ¢, corresponding to pentacene HOMO, the largest |Cy;|?
is 0.93 while all other coefficients are very small; for the interface orbital ¢, corresponding to
BP VBM, the largest |C,;|* is 0.99; for the interface orbital ¢. corresponding to pentacene
LUMO, the largest |C.o|? is 0.39; lastly, for the interface orbital ¢, corresponding to BP
conduction band minimum (CBM), the largest |C|* is 0.94 (one should refer to Eq. (2) for
the meanings of 7, j, a, and b). For the armchair interface [Fig. 2(b)], these four values are
0.94, 0.97, 0.89, and 0.96, respectively. We can see that apart from the pentacene LUMO,
all other frontier orbitals (BP VBM, BP CBM, and pentacene HOMO) are well-defined res-
onances in the interface with the largest expansion coefficient being nearly unity at the I'
point. Similar numerical analysis is done for all k points.

The GW band structures of both interfaces are presented in Fig. 2(c)(d). Since we per-
form G W, calculations, the color code for the bands in Fig. 2(c) [(d)] is adopted from that in
Fig. 2(a) [(b)] and only the eigenvalues are altered. Unlike the PBE results where the inter-
face CBM is localized on the pentacene in some parts of the Brillouin zone, in GW results, the
pentacene LUMO is fully embedded in the BP conduction bands across the Brillouin zone.
Table 1 summarizes the key properties describing the quasiparticle electronic structure of
the two orientations of the pentacene:BP interfaces and the freestanding BP and pentacene,
evaluated at the I' point. Considering the hybridization between BP and pentacene, we per-

form two types of GW calculations for the interface, in line with our prior work.?* The first
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Figure 2: Color-coded PBE band structure for (a) the zigzag interface and (b) the armchair
interface. Color-coded GW band structure for (c) the zigzag interface and (d) the armchair
interface. Fractional coordinates: X=(0.5,0.0,0.0); M=(0.5,0.5,0.0); Y=(0.0,0.5,0.0). The
small kinks seen in the GW band structures are likely due to the numerical interpolation
procedure.

type is interface GW, i.e., (¢ S[G* W ™]|p*%). Here, ¢** is an interface orbital that is a
resonance arising from one of the following: pentacene HOMO, pentacene LUMO, BP VBM,
and BP CBM. The second type is projection GW, i.e., (¢*|S[GW ] |p™). Here, ¢* is one
of the aforementioned frontier orbitals that are obtained from standalone calculations of the
corresponding species in their freestanding forms. In both cases, G and W are evaluated us-
ing the full interface, so that any difference between the two approaches is a reflection of the
orbital hybridization (i.e., ¢'°* versus ¢*). For strongly hybridized orbitals, the difference
between these two approaches can be rationalized by considering the off-diagonal matrix
elements of the self-energy.5*

A few discussions are in place for the results shown in Table 1. First, if we neglect the
hybridization and solely consider the dielectric effects of the interface, we find that both

orientations of the interface exhibit similar properties, as evidenced by the similarity in



Table 1: GW gaps for the two orientations of the pentacene:BP interfaces, as well as for
each individual component in its freestanding form. EP" (E°') is the band gap of the BP
(monolayer pentacene). Ay (Arp) is the relative energy level alignment between the VBM
(CBM) of BP and the HOMO (LUMO) of pentacene in the interface. E;°" is the band gap of
the interface, between the HOMO of pentacene and the CBM of BP. All values are evaluated
at the I' point and in eV.

Freestanding Zigzag interface Armchair interface
Interface GW  Projection GW | Interface GW  Projection GW

EgP 2.20 2.23 1.95 2.22 1.95

ngl 4.29 247 2.97 2.89 2.91

Agn — 0.34 0.26 0.43 0.34

Arp — 0.58 1.28 1.09 1.29

125 — 1.89 1.69 1.79 1.62

the projection GW results for the two orientations of the interface, where the BP gap is
reduced by about 0.25 eV and the pentacene gap is reduced by about 1.3 eV compared to
their respective freestanding phases. This is consistent with the fact that the adsorption
height is similar in both orientations. Second, the difference between interface GW results
and projection GW results indicate the strength of hybridization. From Table 1 and Fig.
2(a)(b), we can clearly see that the zigzag interface features stronger hybridization at the I'
point, especially for the pentacene LUMO. This hybridization leads to the difference in Eg“)l
and Aryp, values computed using the two approaches. Third, we note that Table 1 only shows
the properties evaluated at the I' point. The GW band structures presented in Fig. 2(c)(d)
illustrate the band alignment across the Brillouin zone, where the hybridization between

pentacene LUMO and BP conduction bands is more pronounced in the armchair interface.

Optical Absorption from BSE

In Fig. 3, we show the BSE optical absorption spectra for the four cases, namely the
zigzag interface [(a) and (b)] and the armchair interface [(c) and (d)], respectively, with
the light polarization along either the armchair [(a) and (c)] or the zigzag direction [(b)
and (d)] of monolayer BP, respectively. Furthermore, we decompose the absorption spectra

based on the different contributions to all excited states that collectively give rise to the
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absorption spectra, as calculated using Eq. (3). We first notice that the optical anisotropy
of both interfaces largely follows that of the monolayer BP,? i.e., the first major peak is
around 1.2 eV when the light polarization is along the armchair direction [(a) and (c)], much
lower in energy than the cases when the light polarization is along the zigzag direction [(b)
and (d), about 2.8 eV]. This intrinsic BP anisotropy is already well understood in terms of
dipole selection rules.®>5% In all panels, the absorption magnitude stemming from pentacene-

localized excitations is negligible compared to other contributions.
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Figure 3: Decomposition of the optical absorption spectra of pentacene:BP interfaces. (a)
and (b) [(c) and (d)] are for the zigzag (armchair) interface with the light polarization along
the armchair and zigzag direction, respectively. The imaginary part of the dielectric function
(€2) is plotted on the vertical axis.

Notably, the major difference between the optical absorption spectra of both interfaces
and that of the pristine monolayer BP is the low-lying peak around 1.7 eV in Fig. 3(d),
which has been assigned as pentacene-to-BP charge transfer. A detailed investigation of
this peak indicates that it is primarily the transition from the interface VBM (arising from

the pentacene HOMO) to the interface CBM (arising from monolayer BP CBM). The same
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transition is also present in Fig. 3(a), but overlaps with the secondary and tertiary peaks
arising from BP-localized transitions, making it less prominent than the situation presented
in Fig. 3(d). In Fig. 3(b), this interface VBM-CBM transition is also at similar energy,
but with a nearly negligible oscillator strength. This is because in Fig. 3(b), the light
polarization is along the zigzag direction in the zigzag interface, which coincides with the long
axis of monolayer pentacene, which is not the favorable direction for the light polarization
as far as the optical absorption of monolayer pentacene is concerned.®”*® In Fig. 3(c), this
charge-transfer excitation is manifested in two regions: between 1.0 eV and 1.2 eV, and
around 1.7 eV. In both regions, the oscillator strengths of the charge-transfer excitations are
overshadowed by those of the BP-localized excitations, making their actual detection and
application more difficult than their counterparts in Fig. 3(d). Overall, we conclude that the
1.7 eV charge-transfer peak seen in Fig. 3(d) is characteristic of this interface, as it appears
at an energy range where the BP-localized optical absorption is negligible. Similar features
might be observed for other anisotropic interfaces.

Lastly, the new exciton decomposition scheme we developed here allows us to quanti-
tatively address the two questions we asked at the beginning of this paper, i.e., how the
anisotropies of BP and the adsorbate are modulated by the formation of the interface. Fig.
4(a) [Fig. 4(b)] compares the optical absorption of a freestanding monolayer BP unit cell
with the absorption spectra arising from BP-localized excited states (as obtained from the
decomposition analysis results shown in Fig. 3) in the pentacene:BP interfaces, when the po-
larization of the light is along the armchair (zigzag) direction. In both Fig. 4(a) and (b), the
black line is the pristine BP absorption, and the light blue (dark blue) shaded area denotes
the case of zigzag (armchair) interface. One can see that in Fig. 4(a) [Fig. 4(b)], the lowest
interface peak is slightly blueshifted (redshifted) by about 0.1 eV, for both orientations of
the interface. The positions of higher excitations are also modulated by the adsorption of
pentacene.

A similar comparison is presented in Fig. 4(c)(d), where Fig. 4(c) [Fig. 4(d)] is the

12
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Figure 4: Comparison of optical absorption spectra for monolayer BP when the light polar-
ization is along the (a) armchair and (b) zigzag direction. In both (a) and (b), black is for the
monolayer BP unit cell in its freestanding phase. Light blue (dark blue) is for BP-localized
excited states within the zigzag (armchair) interface. Comparison of optical absorption spec-
tra for monolayer pentacene when the light polarization is along the (c¢) short and (d) long
axis of pentacene. In both (c¢) and (d), black is for the monolayer pentacene in its free-
standing phase. Magenta (red) is for pentacene-localized excited states within the zigzag
(armchair) interface.

optical absorption of the monolayer pentacene when the light polarization is along the short
(long) axis of the molecule. Note that in the zigzag (armchair) interface, the short axis of
pentacene coincides with the armchair (zigzag) direction of BP. The black line is the pristine
monolayer pentacene absorption corresponding to the HOMO-LUMO transition, consistent
with previous results.?”%® Magenta (red) shaded area denotes the optical absorption arising
from pentacene-localized excited states (as obtained from Fig. 3) in the zigzag (armchair)
pentacene:BP interface. One can see that the formation of the interface introduces a redshift
to the pentacene-localized optical excitation. The complex envelope of the decomposed
interface absorption spectra is a result of orbital hybridization upon the formation of the

interface.
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Conclusions

In summary, we have studied the anisotropy of the quasiparticle and optical properties of
pentacene:BP interfaces in two orientations, where the monolayer pentacene is aligned along
the zigzag or the armchair direction of monolayer BP. To assign peaks in the absorption
spectra and to obtain a quantitative insight into the interface effects in modulating the
optical properties, we have developed a new and general computational analysis tool, with
which we decomposed the interface excited states into those localized on each individual
component plus charge-transfer ones. Our analysis of the optical properties reveals a distinct
charge-transfer absorption peak, for the armchair interface with light polarization along the
zigzag direction. Our study of this prototypical system leads to a detailed understanding of
the interaction between monolayer BP and molecular adsorbates, which paves the way for

the future development of surface passivation of anisotropic layered materials.
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