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Abstract
This contribution explores the systematic substitution of monoflakes (Mfs) and biflakes (Bfs) phosphorene with
aluminum, silicon, and sulfur. All this was investigated using functional TPSS and CASSCF calculations. Al and Si
substitution produces significant structural changes in both Mfs and Bfs compared to S-substituted and pristine
systems. However, in Mfs, all heteroatoms generate a decrease in band gap and the ionization potentials (IP), and an
increase in electron affinity (EA) in comparison with pristine phosphorene. Al doping improves the hole mobility in
the phosphorene monoflake, while Si and S substitutions exhibit a similar behavior on EAs and reorganization
energies. For Bfs, the interlaminar interactions Si-Si and Al-P cause structural changes and higher binding energies
for Si-Bfs and Al-Bfs. Regarding the electronic properties of Bfs, substitution with Si does not produce significant
variations in the band gap. However, it conduces to the formation of hole transport materials concerning its
monolayer counterpart. It also is observed in Al-systems, whereas for S-complexes, no correlation was identified
between the doping level and reorganization energies. Also, the substitution with Al and S leads to an opposite
behavior of the band gap and IP values, while the variation in EA is similar. In summary, the nature of heteroatom
and the doping degree can modify the semiconductor character and electronic properties of phosphorene mono- and
the biflakes, whose trends are closely related to the atomic properties of heteroatoms considered. Overall, these
computational calculations provide significant insights into the study of doped phosphorene materials.
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Introduction
Graphene synthesized by graphite monolayers separating 1-3 has become a remarkable material. Since its
preparation, several studies have been conducted attempting to understand their electronic, thermal, and
mechanic properties. 2,4-9 Among them, one of the most important is its high mobility of charge carriers,10
which makes graphene an excellent material for optoelectronic devices. Nevertheless, graphene has no band

gap due to its semi-metallic nature. A non-zero band gap is needed to control charge carriers with an external
electrical field. A similar system to graphite/graphene is black phosphorous which is one of its allotropes
and is composed of layers bonded by intermolecular forces. 11 It is known that black phosphorous is a
semiconductor with a non-zero energy band gap (approximately 2 eV) according to the literature. 12
More than six years ago phosphorous monolayers were successfully isolated, and that material was called
“phosphorene”. 11,12 According to the literature,13 this species has an energy band gap that is between 0.6 and
1.5 eV. It is also known that small changes in black phosphorous structure lead to large variations in the
electronic properties of phosphorous and phosphorene. This new material denominated as blue
phosphorene was predicted in 2014 and has a band gap of 2 eV suitable for a wide range of applications in
optoelectronics. 14 One of the several attractive properties of phosphorene and blue phosphorene is the strong
sensibility of the band gap to the physical/mechanical deformation of the material. The electronic behavior
of phosphorene can be switched from semiconductor to metal only by mechanical deformation. 15,16
Various phosphorene allotropies almost as stables as both mentioned before having been predicted, but
only black and blue phosphorenes have been obtained experimentally. All these diverse allotropes have
different electronic properties. 17-19 Nevertheless, very few theoretical studies have been conducted, and in
most of them, the periodic boundary condition model has been used for one- and two-dimensional
systems.20 A few studies include pristine or substituted phosphorene nanoflakes (NFs).21 These systems are
potentially suitable for optoelectronics not just because the NFs can be of different sizes and shapes
compared with one- and two-dimensional periodical systems, but because the analysis of NFs allows for
calculation of charged species and their corresponding properties. Furthermore, NFs also permits studying
the dynamic behavior of molecules on surfaces.21
We consider a previous study22 as a starting point, which focused on doped systems but only in
monoflakes phosphorene with Al and Si. The authors found out that the doping of phosphorene nanoflakes
with Al and Si changes its geometry. They also observed that edge doping complexes are less stable than
those with inside doping for both Al and Si. Concerning the electronic properties, the doping impacts only
moderately Ionization Potentials (IPs) while Electron Affinities (EAs) are changed much more. Based on
above, the present work centred on the theoretical study of the electronic structure of pristine and
substituted phosphorene nanoflakes with elements such as Al, Si, and S. All this to analyze the effect of
elements with a higher or lesser electronegativity and size concerning the P atom. And consequently,
understand how the substitution with heteroatoms modifies the electronic properties such as IP, EA, band
gap, NBO charges and reorganization energies. Additionally, our study contemplates analysing of doped
phosphorene biflakes. Also, we expect these arrangements to be more easily experimentally obtained
compared to monoflakes. Thus, it is appropriate to model and understand their properties.
For the geometry optimization, we used the Density Functional Theory (DFT), while Complete Active
Space (CASSCF) was utilized only to determine the nature of the ground state for the systems with unstable
closed-shell singlet ground states. The combination of these methodologies allows modelling relatively large
systems at an acceptable computational cost.

Computational details
Based on previous studies, 20,22 the size selected for the monoflakes was 192 atoms, and the double for
biflakes. Conformational analysis of biflakes was carried on because there are at least four ways in which
the monoflakes could stack to each other. The lowest energy conformation was found to be zigzag stacking
(P-Bf shown in Fig. 3).
TPSS is a non-empirical meta functional specially gives a good description of solids and surfaces.23,24 It
can correctly predict the bond lengths, valence angles, electron affinities, ionization potentials, and other
parameters of solids. The geometry optimizations and properties calculations were performed using D3BJ
dispersion–corrected TPSS in combination with def2-SVP basis set in Turbomole v7.3 25 and Gaussian 16
revision A326 codes. In previous studies,27 it was demonstrated that the basis set def2-SVP yields good results
for this kind of system without compromising the computational cost. The frequency calculates were run
for all studied systems to ensure that a minimum (no imaginary frequencies) have been located. The Total
density of states (TD-DOS) for Mfs and Bfs were all calculated by Multiwfn 3.8.28
Mononanoflake systems with 4, 6, 8, 10 and 12 substitutions were built for each atom (Al, Si and S). The
substitution pattern was made seeking to preserve the symmetry of the nanoflakes. For biflake scaffolds, the
previously described monoflakes were used.
For each species, singlet and triplet states were optimized to determine the corresponding ground-state.
The stability calculations for all closed-shell singlets were performed and, if it was unstable, the structure
was reoptimized as an Open-Shell Singlet (OSS) using the broken symmetry approach. To evaluate the
multiconfigurational character of the studied systems, RASSCF single-point energy calculations were
carried out for the systems that showed triplet instability of the closed-shell singlet state. 29 The active space
consisting of 20 electrons and 20 orbitals there was applied. These calculations were carried out with
Gaussian 16 rev. A3. 26 The RAS model employed was RAS1 and RAS3 spaces, which consisted of 6 allowing
up to 2 holes in RAS1 and up to 2 electrons in RAS3. The rest of the orbitals w as in RAS2 space. 6-31G*(5d)
basis set was used for calculations.
Finally, it is known that in the solid-state, the hole mobility is related to the internal reorganization energy
(λ), which also is a factor involved in the conductivity of the nanoflakes. 30 We determined the hole
reorganization energy (λ+) and electron reorganization energy (λ-), for phosphorene mono- and biflakes,
whose expression are:
λ+ = (En+ – En) + (E+n – E+)

(1)

where En and E+ correspond to the energies of the neutral and cationic species in their equilibrium
geometries, respectively, while E n+ and E+n represent the energies of the neutral and cationic species with
the geometries of the cation and neutral compounds, respectively. For electron reorganization energy, it can
be defined as:
λ- = (En- – En) + (E-n – E-)

(2)

here, En and E- are the energies of the neutral and anion species in their lowest energy geometries,
respectively, while E n- and E-n are the energies of the neutral and anion species with the geometries of the
cation and neutral species, respectively.

Results and discussion
Geometries of neutral monoflakes and biflakes
Fig. 1 shows optimized structures for the unsubstituted system, P-Mf, and those substituted with 8 atoms
of Al, Si, and S. Other monoflakes, Mfs, are shown in Fig. S1 in the ESI. The dopant position (inside) and its
distribution is based on previous work 21 in order to avoid the formation of Al-Al, Si-Si and S-S
intramolecular bonds. In the three cases the substitution is the same, as indicated in Fig. 1, so that the results
can be comparable. According to the stability calculations, the ground states of almost all systems are closed shell singlet. Only P(4-S), P(4-Si) and P(12-Si) showed triplet instability of the wave function, therefore, they
were computed as OSS species. In this case, RASSCF calculations indicate that the singlet state is more stable
than the triplet.
Considering a structural comparison of the systems (Fig. 1), P(8-S), P(8-Si) and P(8-Al) are different from
each other, whose order of planarity is P-Mf > P(8-S)> P(8-Si) > P(8-Al). This trend is preserved for the other
degrees of substitution, 4, 6, 10, and 12 as shown in Fig 2. Along with the results, the doping with the sulfur
atom leads to spatially similar nanoflakes (NFs) to the unsubstituted one as shown in Fig. 1 and 2. Hence,
the substitution with Al and Si atoms causes significant structural modifications, while S atoms do not
generate a relevant change. This trend agrees with the radius of the heteroatoms, whose ascending order is
S > Si > Al. The similar values of the deviation from plane of the unsubstituted system and the Sulfur substituted monoflakes, S-Mf, can be explained by the comparable radius of the P and S atoms. The large
structural change in Al-substituted systems, Al-Mfs, may be due to the polar covalent character of the Al-P
bonds, caused by the difference in electronegativities between Al and P.

(a)

(b)

(c)

(d)

Fig. 1 Optimized geometries and deviation from plane for (a) the pristine system and those substituted with
8 atoms of (b) sulfur highlighted in green, (c) silicon highlighted in blue, and (d) aluminum highlighted in
red. The deviation from plane was determined in the plane containing the substituted atoms.

Fig. 2 Deviation from plane as a function of the number of doping atoms for Mfs under study.

Fig. 3 shows the optimized geometries of the pristine biflake structure, P-Bf, and the corresponding
substituted systems with 16 atoms of S, Si, and Al. It should be mentioned that there are three other possible

stacking structures for P-Bf, which are less stable than that shown in Fig. 3 (See Fig. S2 in the ESI). For
biflakes (Bfs) under study, the stability calculations reveal that almost all Bfs are closed-shell singlet. Only
Bf(12-S), Bf(20-S), Bf(24-S) and Bf(20-Al) presented instability of the wavefunction, hence they were
computed as OSS systems. RASSCF calculations show that the singlet state is more stable than the triplet.
The deviation from plane values allow us to infer that the change in the planarity of the interacting layers
depends on the type of replaced atom. For example, the deformation in Al-Bfs is due to the formation of
intermolecular interactions of Al with nearby phosphorus atoms. It is also observed for Si-doped Bfs but to
a lesser degree. As with monoflakes (Fig. 1), the order of planarity is the same, P-Bf > S-Bfs > Si-Bfs > AlBfs. This effect extends for the systems of 8, 12, 20, and 24 heteroatoms, as observed in Fig. 4. Furthermore,
the results indicate that the increase in substitution level leads to a decrease in planarity. In this case, for
systems substituted with aluminium atoms, the deviation from plane ranges between 2.7-12.4 Å, while the
variation is less for Si and almost invariant for S-substituted complexes.

On the other hand, the interlaminar distance of Bfs also shows a clear trend (Fig. 3 and 5). If we consider
the van der Waals radius, rW, of P (rW: 1.80 Å) and doping atoms Al (rW: 1.84 Å) and Si (rW: 2.10 Å) as an
interaction measure, the formation of interlaminar interactions Al-P and Si-Si as seen in Fig. 3 and Fig. S3 in
the ESI leads to shorter interlaminar distances into Bfs. S-doped systems do not present interlaminar contacts
because S (rW: 1.80 Å) has the same rW as the P atom. The presence of these bonds generates a distortion in
the interacting phosphorene nanoflakes, which in the case of Al and Si is more noticeable (Fig. 4). Comparing
all the systems (Fig. 5), the interlaminar distances for the 8 and 12 atom substitutions cause an increase of
that length in comparison with P-Bf. This effect is maintained for all S-systems, but in the case of Al and Si,
the replacements involving 16, 20, and 24 atoms form biflakes of a smaller interlaminar distance than the PBf as shown in Fig. 5. Al-Bfs exhibit the largest change in interlaminar distance that varies between 2.39 Å
and 2.67 Å. In contrast, the S atom leads to a smaller variation that ranges from 2.57 -2.74 Å. These results
can be explained from the geometries obtained in Fig. 3 and Fig. S3 in the ESI. As the level of substitution
increases, the number of interlaminar contacts Al-P and (Si-Si, Si-P) also increases. In contrast, in systems
substituted with sulfur, the formation of interlaminar bonds is not observed.

Fig. 3 Optimized geometries, deviation from plane and interlaminar distances of the pristine biflake, P-Bf,
and those substituted with 16 atoms of S, Si or Al. Interlaminar interactions and their corresponding length
range are indicated.

Fig. 4 Deviation from plane as function of the number of atoms substituted for Bfs under study.

Fig. 5 Interlaminar distances as a function of the number of atoms substituted for B fs studied.

According to the analysed geometric parameters in both the monoflakes and biflakes, it can be assumed
that the systematic substitution with S atoms leads to small variations in phosphorene structure. In contrast,
all heteroatoms generate considerable structural changes, and the case of systems with Si, these have
intermediate behaviour. This trend that maintains in the entire range of substitution can be explained in
terms of the atomic radii. The sizes of the S and P atoms are similar, as is the case for Al and Si. It means that
S atoms do not produce such large structural changes on doping, whereas Al and Si substitutions exhibit
comparable structural variations.

Binding energies for biflakes
The relative binding energies for Bfs are shown in Fig. 6. The energies values indicate that that silicon
systems exhibit larger binding energies. In the case of aluminium, the inclusion of this type of atom in the
phosphorene network shows a variation in binding energy like P-Bf. Meanwhile, S-BFs have lower
formation energy than the other complexes. This trend may be consistent with the geometric parameters
previously discussed.

Fig. 6 Relative binding energies as a function of the number of heteroatoms substituted for BFs studied. The
values are with respect to the system with the lowest interaction energy, Bf(16-S).

It is worth mentioning that as the number of heteroatoms increases, the binding energies tend to decrease,
which applies to Al-Bfs and Si-Bfs. This energetic tendency can be explained due to interlaminar
interactions Al-P, Si-Si, and Si-P previously discussed (Fig. 3 and Fig. S3 in the ESI). These contacts stabilize
the complexes, whose effect is most noticeable for Si-Bfs since they mainly contain Si-Si interactions. While
for complexes with Al, the most numerous interlaminar contacts are Al-P. In both cases, the increase in
substitution also rises the number of this kind of interaction. As a result, the binding energy dec reases. In
contrast, for complexes with S, the energy increases with the substitution degree, because in the S systems
the interlaminar interactions are not observed.

Electronic properties in mono- and biflakes
Band gap
The band gap trends for Mfs are shown in Fig. 7(a). The doping with any of the heteroatoms, Al, Si, and
S, generates a decrease in the band gap concerning the phosphorus nanoflake, P-Mf. The data also indicate
that the Al atom inclusion generates a less significant decrease in band gap than silicon and sulfur. For sulfur
complexes, this non-metal makes it possible to modify the phosphorene monolayer band gap from 0.02 eV
to 0.78 eV with 4 and 6 doping heteroatoms respectively. Not only the nature of doping heteroatoms could
explain these differences in the band gap, but also the structural change on phosphorene nanoflakes can
alter the electronic properties. 31 In the case of biflakes, the band gaps are displayed in Fig. 7(b). Values of
those complexes, which are less than that exhibited by their corresponding monolayers (see Fig 7), are also
altered by substituting with Si, Al, and S. We also noted that the nature of band gap is affected by the type
of substituted heteroatom. The inclusion of Al atoms decreases the semiconductor behavior of pristine
phosphorene and, it is more altered with Si and S doping.

(a)
(b)
Fig. 7 Band gap values as a function of the number of heteroatoms substituted for (a) Mfs and (b) Bfs and
studied.

For Si-Bfs, the band gap remains unchanged concerning the pristine complex as shown in Fig. 7(b).
However, in the case of 16 aggregated heteroatoms, it generates a band gap opening of 0.63 to 0.79 eV taking
P-Bf as a reference. In the case of Al, the 8 and 24 heteroatom systems have the largest band gaps, which are
0.43 and 0.52 eV respectively. For S-Bfs, increasing the number of heteroatoms in the phosphorene Bfs leads
to a decrease in band gap to approximately 0.1 eV. The doping with Si atoms maintains the semiconductor
character of P-Bf and, it is more distorted with Al and S substitution. These results allow us to suggest that
the semiconductor character of Mfs and Bfs can be modified depending on the type of heteroatom used and
its saturation in the system. Most of the studied species have closed ground state except P(4-S), P(4-Si) and
P(12-S), their closed-shell singlet states were found to be unstable and were reoptimized using broken
symmetry method. The expectation values of <S2> were found to be of 2.02, 0.33, and 0.03, respectively. We
have estimated the number of effectively unpaired electrons using the Head -Gordon formula. 32
2
2
Nu = ∑M
i=1 ni (2 − ni )

(3)

where Nu is the number of effectively unpaired electrons, n i is the occupation of i-th natural orbital and
M is the total number of active orbitals. According to RASSCF calculations, P(4-S) and P(4-Si) have 4
effectively unpaired electrons, each of them is located at the corresponding heteroatom (Fig. 8) while P(12S) has slightly less than one effectively unpaired electron. Therefore, P(4-S) and P(4-Si) have polyradicalic
ground states while that of P(12-S) is a nearly closed-shell singlet. As seen in Fig. 8, RASSCF description
makes perfect sense. In P(4-Si) an unpaired electron is a free valence of Si atom, an sp3 orbital having one
electron, while in the case of P(4-S) unpaired electron is located at the 3p orbital of S atom, an extra electron
which is left after forming three bonds with neighboring phosphorus atoms. Notably, heavy substitution
with sulfur destroys polyradicalic nature of ground states of substituted NFs due to the interaction between
dopant atoms similar to Si substitution. 21

Fig. 8 Superposition of single occupied active orbitals for P(4-S) and P(4-Si) systems.

Density of states
Fig. 9 shows the total density of states (TD) for P-Mf and the most heavily doped Mfs, P(12-Al), P(12-Si),
and P(12-S). According to Fig. 9, DOS spectra reproduce a similar trend of band gap values of highly
substituted Mfs compared with HOMO-LUMO differences exhibited in Fig. 7(a). Nevertheless, both
methods estimated a drop of band gap on doping, smaller for Al-Mfs, and larger for doping with Si and S.
All this due to the absence and presence of an unpaired electron in Si-Mfs and S-Mfs, respectively. Similar
effects are observed for Bfs complexes substituted with Al, however, Si-Bfs show unalter band gap data
concerning P-Bf (Fig. 7(b) and Fig. S4 in the ESI). As in Mfs, the trend of band gap variation from DOS
spectra also correspond to those observed in Fig. 7(b).

Fig. 9 Total (TD) density of states from TPSS calculations for pristine, P-Mf, and P(12-Al), P(12-Si) and P(12S). The band gap values are indicated.

Ionization potentials (IP) and electron affinities (EA)
The ionization potentials (IP) and the electron affinities (EA) trends for Mfs are shown in Fig. 10. The substitution
process affects these two properties, regarding the pristine phosphorene, P-Mf. IP decreases slightly with the
presence of Al (5.7-5.8 eV) and does not seem to depend on doping degree as shown in Fig. 10(a). The Al atom has a
lower atomic ionization potential compared to Si, P and S atoms. It generates a slight decrease in IP values concerning
the P-Mf. In contrast, the EA values of all the substituted systems are higher than that shown by the P-Mf, Fig. 10(b).
Due to Al and P atoms have a comparable EA, it causes that doping with Al has less impact on the EA, especially at
low substitution degrees. A heavy Al doping produces an appreciable structural change (Fig. 1) due to the polar
covalent character of Al-P bonds. The electron density is more concentrated at the P atoms in Al-Mfs regarding PMf, S-Mfs and Si-Mfs, leading to higher energy released by attaching an electron.
Silicon and sulfur doping modify both IP and EA. For Si-doped Mfs, they have an increase in EAs compare to PMf, which remains practically independent on the degree of substitution. In S-Mfs, the oscillation ranges between
3.4 and 3.8 eV (Fig. 10(b)), following a behavior similar to that of Si-Mfs. For Si-Mfs and S-Mfs, an increase in EA
in doping may be related to the polyradical character that these atoms confer on phosphorene nanoflakes.

(a)

(b)

Fig. 10 Values of (a) IP and (b) EA, in eV, as a function of the number of heteroatoms in Mfs under study.

The IP and EA results for Bfs studied are presented in Fig. 11. Computed data show that the IP increases or
decreases considering P-Bf as a reference, which depends on the nature of the heteroatom. IP data decrease compared
to monoflakes, while EA values remain almost in the same energy range (3.2 to 4.1 eV). IP values increase with the
inclusion of Al and Si atoms, and it also increases with the number of heteroatoms from 5.3 to 5.6 eV approximately
(Fig. 11(a)). The behavior of the Al and Si systems could be explained by the formation of interlaminar bonds Al-P,
Al-P, Si-P and Si-Si. It could suggest an alike electronic delocalization in Al-Bfs and Si-Bfs and therefore similar IP
values. In contrast, the trend of S-Bfs is similar to its monolayer counterpart. S atom is more electronegative than the
P atom and it generates a decrease in the electron density in P atoms, decreasing the IP values of S-Bfs. Regarding
the EA values (Fig. 11 (b)), the results are similar to those exhibited by doped monoflakes (Fig. 10 (b)), which follows
that stacking does not affect this property.

(a)
(b)
Fig. 11 Values of (a) IP and (b) EA, in eV, as a function of the number of heteroatoms in biflakes under study.

NBO charges and reorganization energies
Fig. 12(a) and 12(b) show the sum of NBO charges of the phosphorene skeleton and heteroatoms present
into the Bfs, respectively. For Al-Bfs and Si-Bfs (Fig. 12(a)), the charge of the phosphorene scaffold is more
negative as the degree of substitution increases, which is due to Al and Si atoms are less electronegative than
P. For S-Bfs, the natural charge of the phosphor network becomes more positive as the number of
heteroatoms increases. This is because the electronegative nature of S compared to the P atom. On the other
hand, the sum of the heteroatom charges (Fig 12(b)) is opposite to that observed with the phosphorene
skeleton. These two types of charge offset each other. The variation observed for the three systems
corresponds to the order of the electronegativity S > P > Si > Al. Similar results are observed for Mfs (Fig. S5
in the ESI).

(a)
(b)
Fig. 12 Sum of the NBO charges of (a) the phosphorene skeleton and (b) heteroatoms involved in Bfs.

Finally, hole and electron reorganization energies for Mfs are shown in Table 1. The divergence in magnitude
that exists between the hole reorganization energy (𝜆+ ) and the electron reorganization energy (𝜆− )
represents that the delocalization of the positive and negative charge is not the same. Regarding 𝜆+ energies,

the substitution with Al increases 𝜆+ concerning P-Mf, although it only decreases for P(12-Al). Doping with

Al generates that 𝜆+ > 𝜆− means that Al-Mfs are the hole transport materials. It is the same for Si-Mfs at the

low substitution level, however, the higher doping with Si leads to the electron transport materials. In
systems doped with S, the substitution practically retains the 𝜆+ and 𝜆− values unchanged concerning P-Mf.

Table 1. Hole (𝜆+ ) and electron (𝜆− ) reorganization energies as a function of the number of heteroatoms

substituted for Mfs and Bfs under study.

𝜆+

Monoflakes
Si

Al

(eV)
S

Si

𝜆−
Al

𝜆+

Biflakes
S

Si

Al

(eV)
S

Si

𝜆−
Al

S

P(4-at)

0.13 0.18 0.14 0.17 0.26 0.14

Bf(8-at)

0.04 0.06 0.06 0.15 0.36 0.24

P(6-at)

0.17 0.18 0.11 0.25 0.27 0.12

Bf(12-atom)

0.04 0.08 0.42 0.15 0.23 0.09

P(8-at)

0.14 0.17 0.12 0.28 0.44 0.17

Bf(16- atom) 0.04 0.09 0.25 0.18 0.08 0.14

P(10-at)

0.28 0.17 0.12 0.21 1.09 0.14

Bf(20- atom) 0.04 0.13 0.07 0.28 0.19 0.09

P(12-at)

0.24 0.10 0.14 0.22 1.05 0.47

Bf(24- atom) 0.06 0.09 0.16 0.24 0.38 0.14

P-Mf

0.14

0.12

P-Bf

0.04

0.10

For biflakes, both 𝜆+ and 𝜆− of the three sets studied are larger than or equal to those observed for P-Bfs.

As for hole reorganization energies, Si substitution conserves the 𝜆+ value almost unchanged compared to

P-Bf. The doping with Al raises 𝜆+ energies with respect to P-Bfs. In the specific case of sulfur, it shows an

increase in the replacement of 12 and 16 S atoms, while at the lowest or highest degree of doping, the values
are comparable to those exhibited by Al and Si. This jump could be due to the OSS character of the species

Bf(12-S), which would considerably alter its electron distribution and the properties de rived from it. For

pristine biflake P-Bf 𝜆− > 𝜆+ , which agrees with the experimental observation about the high hole mobility

that exhibits the phosphorene. 11 According to our results (Table 1), Al-Bfs and Si-Bfs can also be considered
as hole transport materials. For S-Bfs, there have been identified no clear correlation between the doping
level and reorganization energies. The maximum 𝜆− is observed for Bf(8-S) and the highest 𝜆+ for Bf(12-S).

Conclusions
The substitution of phosphorene monoflakes and biflakes with the Al, Si, and S heteroatoms have been
studied from a theoretical perspective considering structural aspects and their electronic properties. In the
case of monoflakes, the substitution with Al leads to significant variations at the str uctural level. Despite
this, the variation of the band gap and IP magnitudes with the level substitution is not very large, always
decreasing the value concerning the unsubstituted species, P-Mf. In the case of EA, its magnitude is more
altered with the Al-doping level in comparison with the P-Mfs. Furthermore, Al also improves the hole
mobility in the phosphorene nanoflake when the substitution is high. The Si atoms generate intermediate
structural variations between Al and S in phosphorene monolayers. The substitution with S atoms does not
significantly alter the structure of the phosphorene nanoflake. The doping with Si and S leads to a decrease
in the band gap and IP concerning P-Mf. EAs and reorganization energies vary a similar way as the
substitution degree decreases or increases, having both Si-Mfs and S-Mfs a similar behavior.
Regarding studied biflakes, the structural parameters show a similar trend to that observed for
monoflakes. In the specific case of Al-Bfs and Si-Bfs, the appearance of interlaminar interactions Al-P, SiSi, and Si-P generates that the binding energies are considerably higher compared to those exhibited by SBfs. Unlike its monolayer counterpart, the Si-doping does not change the band gap compared to the pristine
bilayer P-Bfs but produces hole transport materials. Additionally, Si- and Al-substitution leads to an
increase in IP concerning P-Bf, which occurs over the entire range of analyzed substitution. It could be
explained by intermolecular interactions presented in those Bfs. For EA values, all doped biflakes follow a
similar trend to their monolayer counterparts. In the case of reorganization energies, Al-complexes show
high hole mobility whereas for S-Bfs no clear correlation is identified between the doping level and the
reorganization energies. Our results indicate that the semiconductor character of Mfs and Bfs can be altered
depending on the type of heteroatom used and its saturation in the system. Finally, the NBO charges reveal
that the phosphorene skeleton and the sum of heteroatoms present in Mfs and Bfs follow a complementary
trend. It obeys the order of electronegativity of Al, Si, P and S atoms. These computed data may be theoretical
support for the development of doped phosphorene materials.
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Figures

Figure 1
Optimized geometries and deviation from plane for (a) the pristine system and those substituted with 8
atoms of (b) sulfur highlighted in green, (c) silicon highlighted in blue, and (d) aluminum highlighted in
red. The deviation from plane was determined in the plane containing the substituted atoms.

Figure 2
Deviation from plane as a function of the number of doping atoms for Mfs under study.

Figure 3
Optimized geometries, deviation from plane and interlaminar distances of the pristine bi ake, P-Bf, and
those substituted with 16 atoms of S, Si or Al. Interlaminar interactions and their corresponding length
range are indicated.

Figure 4
Deviation from plane as function of the number of atoms substituted for Bfs under study.

Figure 5
Interlaminar distances as a function of the number of atoms substituted for Bfs studied.

Figure 6
Relative binding energies as a function of the number of heteroatoms substituted for BFs studied. The
values are with respect to the system with the lowest interaction energy, Bf(16-S).

Figure 7
Band gap values as a function of the number of heteroatoms substituted for (a) Mfs and (b) Bfs and
studied.

Figure 8
Superposition of single occupied active orbitals for P(4-S) and P(4-Si) systems.

Figure 9

Total (TD) density of states from TPSS calculations for pristine, P-Mf, and P(12-Al), P(12-Si) and P(12- S).
The band gap values are indicated.

Figure 10
Values of (a) IP and (b) EA, in eV, as a function of the number of heteroatoms in Mfs under study.

Figure 11
Values of (a) IP and (b) EA, in eV, as a function of the number of heteroatoms in bi akes under study.

Figure 12

Sum of the NBO charges of (a) the phosphorene skeleton and (b) heteroatoms involved in Bfs.
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