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Triangular and hexagonal multilayer phosphorene quantum dots with ar &nd zigzag ter-

minations are investigated with the orthogonal tight-binding model.

sections show that armchair phosphorene quantum dots have
In particular, it was found that«in
dots absorption peaks can be increased, decreased, or to
depending on the orientation of the applied electric field.

the transitions < 0.4 eV, while effect of the finite tel@a‘cur

useful for infrared detectors.

I. INTRODUCTION

Similar to other pnictogens (arsenic, antimony, b
Pto\ie] ive hole mobility higher than in other hole transport

muth and p0851bly moscowum) phosphorous is pron

layered allotrope — black phosphorous. Rec
layer black phosphorous flakes have been isolate
mechanical ﬂII—Bﬂ and liquid exfoliation
mlcrometer size flakes have been shown to b

have optical responses that are gensiti
and number of layers [T6HIS)].

The nanometer size flak
black phosphorous are di

e to the stacking

and few-layer
orene quantum
erties as compared
icted that the edge

states play a conside PQDs electronic and op-

electric and m net}z ﬁe shape and edge termination
of the quantum tS %%AIQHZZ . Recently it was shown

sion in black phosphorus (PB)
i i e peculiar edge effects and can be
free burface functionalization of PB

he distribution and number of edge states
single layer PQDs, the multilayer PQDs can
abricated by liquid exfoliation [25H27]. The

C
“KU?I' e
be readily

* hazem.abdelsalam@etu.u-picardie.fr
1 140.0vasil@gmail.com

ffect of increasing the
ize multllayer quantum
the edge states in

lectri
investigated optical absorption cross
egularbehavior which should be

rom the low-energy region
effect of spurious doping can suppress
alimost negligible.

iquelmonlinear absorption of the as-synthesized PQDs
havebeen demonstrated to be promising in ultrafast pho-
onigs applications [28]. The tunable band gap and ef-

aterials for perovskite solar cells make such PQDs of
about 5 nm-size especially suitable for photovoltaic ap-
plications [29H31]. However, few theoretical investiga-
tions have been carried out for multilayer PQDs. For
instance, only bilayer phosphorene quantum dots of rect-
angular shape subjected to perpendicular magnetic and
electric fields have been studied [32].

In this paper, the electronic and optical properties of
triangular and hexagonal multilayer PQDs are investi-
gated under the effect of electric field. The present study
is conducted for zigzag and armchair terminations and
ABA stacking order. All three directions (in plane 2 and
y and out-of-plane z) are considered for the application
of the electric field in order to find the most efficient way
of tuning multilayer PQDs electronic and optical prop-
erties. The results presented hereafter could be verified
by the spatial modulation spectroscopy technique which
is a state-of-the-art tool for direct measurements of indi-
vidual nanoobjects absorption spectra [33H35].

II. THEORETICAL MODEL

The electronic properties of phosphorene clusters sub-
jected to an electric field can be calculated using the
tight-binding Hamiltonian:

H = Zt”czc]—i—ZV

(i5)

c Ci, (1)

where cj and ¢; are the electron creation and annihila-
tion operators t;; is the hopping integral between i-th
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‘ s kp’—tl atomic sites and V; is the on-site electron en- where S(g; f) is the oscillator strength. In Eq. the
L

etgy that depends both on the local atomic environment
PUb“é ”Elg he applied electric field. As has been recently
shown by Rudenko et al. [I3] [36], fifteen hopping param-
eters are needed for a realistic tight-binding description
of the multilayer black phosphorus. We employ these pa-
rameters to model the electronic properties of multilayer
phosphorene quantum dots [see Fig. . For convenience,

FIG. 1: (a) The geometrical structure and tight-binding

Fermi-Dirac distribution function, n(e), has been intro-
duced to account for temperature and Fermi level po-
sition effects; also, the Gaussian-type exponent is used
instead of Dirac delta function to incorporate absorp-
tion peak broadening, «, due to the finite lifetimes of
excited carries. Throughout this paper the broadening
a = 0.02 eV is used.

III. RESL( ND DISCUSSION

In what follo D multilayer PQDs classification
we use the approach“proposed for single layer dots in
us, “the Itilayer PQD is a cluster of
r% few-layer phosphorene sheet similar to
oné“er other 2D material based nanos-
The edges of the dots are assumed to

be passivated B}y oxygen to prevent the possible edge re-
i d disappearance of the edge states [42].

congtruction

'él:;fafter, e refer to the triangular and hexagonal

q urﬁ}ots with zigzag terminations as ZTRI and
EX4 réspectively. Similarly, ATRI/AHEX refers to
ular/hexagonal QDs with armchair terminations.

hopping parameters t;; of the phosphorene bilayer. (b tri
Top view of the bilayer PQD with n; = 48 atoms.\ The mumber of atoms in one layer is denoted by n. In

given in Table ] together with the distances b
corresponding sites of the lattice.

yer structure each layer contains the same amount

the model we study, we chose structures based on single
layer ZTRI n = 222, ZHEX n = 216, ATRI n = 216, and

the values of the hopping parameters from Ref. W atoms, hence the total number of atoms n; = Nn. For

=

TABLE I: The tight-binding, ¢;, and stru \:
parameters adapted from Ref. [36] Wr e

based quantum dots

i
1
2
3
4
5
6 4.23
7 4.37
8 5.18
9 5.37
10 5.49
11 3.60
1 3.81
1 5.05

wla 5.08
15 5.44

)
der udy the optical properties of phosphorene
quantwm dets we calculate their optical absorption cross
sectiong [20, 37, [38]:
e—eif)?
70) ~ 3 Inlen) = nfep)] S(eehexp | -2

i

’L7

(2)

AHEX n = 222 phosphorene quantum dots, with the lat-
eral sizes, estimated as in Ref. [20], L ~ 3.55, 1.96, 3.3
and 1.85 nm, respectively. The vertical size of the dots
H = hN, where h ~ 0.55 nm is the vertical shift between
the neighbouring layers [1]. For typical 3-5-layer PQDs
H ranges from 1.65 to 2.75 nm.

A. Energy levels: stacking and electric field effects

By applying out-of-plane, F., and in-plane, E, and
E,, electric fields to the phosphorene dots with increas-
ing number of layers the electric field and stacking effects
on the energy levels can be revealed. Since SiOs is often
used as a substrate for PQD samples preparation, the
QD energy levels are investigated up to electric break-
down field of SiO5 0.1 V/A [3]. Such an upper limit of
electric field is often used in theoretical studies of various
nanostuctures [40, 44].

In order to unveil the pure effect of stacking, i.e. the
increasing number of layers, on PQD energy levels, let
us consider the left hand side of the plots in the Figs.
and [3] corresponding to zero external electric field. In all
the plots one can clearly see a group of states distributed
in a wide energy range around the Fermi level, which
is set to ep = 0 eV. This distinctive group of states
consists of the edge states [see Fig. in Appendix [A]
originating from the quasi-zero energy states discussed
in work [20]. Their number is given by Nqzgrs in Table
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‘ s IIbP Ref. [20] for single layer structures and it must
.be multiplied by number of layers in multilayer ones.

PUb“'S'l @& iified group of edge states is separated from the
lower/higher valence/conduction band states by the two
mini energy gaps. The overall band gap, containing
the edge states and the two mini band gaps, in
each cluster is shown in Figs. [2] - [4 by the region
between the two red lines. The blue line in these
figures represents the Fermi energy that can be
clearly seen in Fig. (b, d). These minigaps close
as the number of layers increases with an exception of
AHEX quantum dots. For all other structures in ques-
tion, the minigap above the Fermi level prone to close
completely, whereas the minigap below the Fermi level
approaches a threshold.

Having revealed the general trends in the stacking ef-
fect of PQDs, we proceed with an analysis of the energy
level dependence on the external fields. For single layer
PQDs under E, field this value is small and the effect of
electric field is negligible [see Fig. [2|(a)]. The effect of E,
on edge states start to appear on bilayer and increase by
increasing the number of layers because the distance be-
tween the layers increases the potential energy, generated
by the electric field, on the upper and lower sub-layer
the multilayer PQDs.

The generated potential on $he
layered structure as a function of the layers separation

for upper and lower sublayers, respectively, F i
tric field applied across the structure. For
field R = H is the separation between theffirst

last layers of the multilayer system. The obgeryation of
the electric field effect for single layer P@QD in K_-field re-
quires high strength fields, which may n erimen-

tally available. To overcome this problem,
field can be applied along the
this case, R = L is the PQD lateral siz
larger than the distance betwgen the sublayers of a single
layer PQD, therefore an e of quantum dot

energy levels should be possible for gsnoderate external
fields. Both above—mer@/é ed ca ill be considered in
what follows. \
th%ﬁ'ect of*the perpendicular elec-
levels of ZTRI and AHEX QDs
-field are presented in Fig. 2]
QDs; the applied field decreases the
e states and valence band states
the gap completely in trilayer PQDs
ﬁas seen in Fig. |2| (e). The value at
field closes this gap depends on the

1e in-plane
y-directions. In
which is much

Let us start for
tric field. The
subjected to t
In multilayer 7

\%

ion of the external E.-field the group of the edge
energy levels splits onto subgroups corresponding
umber of sublayers in the system. The same is
true for ATRI QDs with the only difference that edge
states are more dispersed in the energy in ATRI dots
than in AHEX. The electric field influence on the energy
levels of ZHEX PQDs is similar to that for ZTRI dots,

ZTRI, n=222 E AHEX, n=222
2 z
N=1 N=1
—~ 1 —~ 17
> >
Ch § CA
30 3o
@ @
& 4l Energy gap | 5 Al Energy gap
“0 002, 004 006 008. 01 0 002 004 006 008 01
Electric field (V/A) Electric field (V/A)
(a) (b)
2 2

Energy (eV)

002 004 O 0.08 0.1

60
Electric field (V/A)
(d)

0.02 004 006 008

01
Electric field (V/A)
(e)

002 004 O 0.08

06 0.
Electric field (V/A)

0.1

()

FIG. 2: Electronic energy levels as a function of
perpendicular electric field for ZTRI (a, c, e) and for
AHEX (b, d, f) with the total number of layers N =1,
2, and 3. The red lines and the blue lines shown in this
figure and the following figures are: The upper red line
represent the lowest unoccupied energy level, the lower
one is the highest occupied energy level, and the blue
line is the Fermi level.

therefore we do not present results for ZHEX, as well as
ATRI dots, subjected to E,-field.

The effect of E,-field on the edge states of multilayer
PQDs is shown in Fig. [3|for ZTRI (a, ¢) and ZHEX (b, d)
PQDs. As one can see, the in-plane E,-field divides the
edge states in multilayer ZTRI PQDs into two groups.
One of them experiences a strong shift towards the con-
duction band states, whereas another group, containing
the rest of edge states, stays almost stationary around the
Fermi energy. It is worth noting that a similar behavior
has been reported in single layer ZTRI PQDs under high
perpendicular electric field in Ref. [20]. The number of
edge states in each group is discussed in Ref. [20], for
multilayer this number is multiplyed by N. For exam-
ple, in ZTRI having even number of atoms, n = 222 and
N = 3, there are three edge states in the group shifting
towards the conduction band.
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FIG. 3: The energy levels of (a, b) single and (c, d)

trilayer PQDs subjected to the in-plane E,-field: (a, c)
ZTRI and (b, d) ZHEX.

The geometrical shape of ZHEX provides an 1
number of edge states in the upper and the lower su
ers of PQDs. Therefore, in Fig. |3| (b, d) the a
plane F,-field split the edge states into two qual
one shifting towards conduction band statesk
shifting towards valence band states # wher
quantum dots experience a “metal—semﬂﬁg or” tran-
sition. Anticrossings between edge states {22] are also
n the two groups.

edge“atoms have the
abjlity of the edge
However, since
these edge atoms have erent, —co’p‘rdlnates the split-
ting of the edge states eliergy levelsis possible due to dif-
ferent on-site energi IM;/ E,field. Figurel](a,
¢) shows high efficieficy ofithe ed states manipulation in
ZTRI PQDs by as compared to that for F,-field.

For ZHEX str icture is qualitatively different.
Nonetheless, it di})tcrpreted in a similar manner.
t

an her

observed inside each group and

For ZTRI quantum dots all
same - coordinatc This prefents

The edge ot can be divided into pairs hav-
ing the the same gtcoordinates, therefore, applying the
E,-field; e sege the doubly degenerate energy levels in
Fig. |4 (b, d) E,-field cannot lift the degeneracy of
these levels wever, for each pair the z-coordinates of
tle_ato orining the pair are different, therefore the
le h}n be split by applying E,-field. In general, such

is also happening for ATRI and AHEX structures.
As a résult, we see that the edge states energy levels as
functions of the E,-electric field form something like rays.
These rays are espec1ally well seen for monolayer ZHEX
and AHEX quantum dots. The number of the rays is
equal to the half of the number of the edges states. For

multilayer dots each ray contains a bunch of curves but
the number of rays is the same as for the corresponding
monolayer dot. The presented diversity of the energy lev-
els behaviour in external electric fields is important for
multilayer PQDs optical properties presented next. It is
worth noting that the total number of atoms (n)
used in our investigations is arbitrary and the ob-
tained results are applicable to other structures
characterized by greater or lesser value of n. For
example, as seenXFlg in appendix B, the
effect of electric fi PQDs ZTRI with n = 141
and ZHEX wit n3150, is_qualitatively the same

as in Fig.

ZHEX, n=216

0.08 % 002 004 0.1

013ectrlc f(i)gfd v/ A) Electric ﬁeld ( / A)

) 002 o 04 % 0.02_ 004 -
*Blectric field (V/ A) Electric ﬁeld (V/ A)
(c) (d)

FIG. 4: The energy levels of (a, b) single and (c, d)
trilayer ZTRI and ZHEX PQDs subjected to the
in-plane E,-field.

B. Optical absorption cross section

Let us first consider multilayer PQD absorption due to
dipole transitions without applied external fields. Fig. [f]
shows the optical absorption cross section, o, of single
and multilayer ZTRI and ATRI PQDs. The optical cross
sections, 0y, oy, and o, are normalized with respect to
the maximum value of o,. Three colours correspond to
the absorption cross sections for three polarizations of
the incident light: green for o, red for o,, and black for
0,. As seen from Fig. || (a, ¢, e), the transitions between
edge states for ZTRI are only due to the y-polarized in-
cident electromagnetic wave (see o,). The higher energy
transitions, i.e. the valence band states to edge states,
edge states to conduction band states, and valence to
conduction band states, are predominantly induced by
the z-polarized waves (see o). It is also seen in Fig.
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|‘(:P e) that at energies above 0.5 eV the contributions
.rtom o, and o, cross sections are minute. Although the
|§Jﬂd1ﬂé nber of atoms in layered ZTRI and ATRI PQDs
1s nearly the same, the low-energy spectra of ATRI for
all three polarizations are richer with absorption peaks.
This is clearly seen in Fig. [5| (b). The rich absorption
peak structure in multilayer ATRI PQDs results from
the spreading of edge states in the energy gap between
conduction and valence band states (see Fig. [11] in Ap-
pendix. By increasing the number of layers the number
of edge states increases in the energy gap making ATRI
PQDs a wide band mid- and far-infrared absorber. An-
other difference between ZTRI and ATRI PQDs is the
presence of intense o, absorption peaks (as compared to
o0, ones) in the region 2-3 eV for multilayer ATRI quan-
tum dots. Besides, for double and trilayer ATRI dots
the o,-absorption for £ < 0.3 eV is comparable to those
of o, and o,. This is clearly seen in Fig. [5| (d) and (f),
respectively. The absorption spectra of single and mul-
tilayer ZHEX and AHEX PQDs exhibit behavior similar
to those of ZTRI and ATRI spectra, respectively (see
Fig.[13]in Appendix. In conclusion, due to the higher
number of edge states, the armchair phosphorene quan-
tum dots of both triangular and hexagonal shapes shoul
be preferable in infrared detectors than the correspond-
ing zigzag dots.

Publ

\%

C. Electric field effect on the optical abs
spectrum

In this section, we proceed with optic
multilayer phosphorene QDs in the exter

ic field.
For presentation purposes, we choose trilayer PQDs,

which their energy levels behayio various electric
fields is shown in Figs. | he optical ab-
sorption cross section of ZT PQDs subjected to
electric field directed along%: and z-axis.are presented in
Fig. [6] for three values cﬁe applied ﬁéld: 0.02, 0.06, and
0.1 V/A. Tt can be noti at dueo E, = 0.02 V/A the
absorption peaks in il&gg}rfgion € < 2 eV homog-
enize to a relativel ﬂl;%;ectru . The absorption cross

sections at ¢ > n Fig. |§| (a) are very similar to
those in Fig. [si{e) at F."< 0 V/A. This is in agreement

\mqer ies of
e

group of black peaks at ¢ = 0.4 eV
(c). 'One can also notice that the intensity of

oy=absorption at € > 1 eV increases with applied
\e?@h respect to the low-energy o,-peak used as
ence. The latter contrasts with the o, and oy-
absorption behaviour in the F,-field shown in Fig. |§| (b,
d, f). One can point out a considerable increase of o,-
and o,-absorption intensities around £ = 0.4 eV as the
field attain E, = 0.1 V/A. At the same time, the most
intense o, peak (red), which results from transitions be-

=

ZTRI, n=222
1 1.5

N=1 N=1

ATRI, n=216

o
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o
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FIG. 5: Optical absorption cross section for multilayer
ZTRI and ATRI PQDs.Three colours (online only)
represent the three absorption cross sections, green for
04, red for oy, and black for 0.

tween the edge states, is almost unaffected by the electric
field neither E, nor F,.

For the sake of completeness, we present in Fig. [7]
the optical absorption cross sections of AHEX triangular
PQDs placed into E, and E, fields. This figure shows
that the two fields act very differently on the same multi-
layer AHEX PQD. In particular, F,-field opens an opti-
cal absorption gap, while F,-field closes it. This optical
gap seen in Fig. El (d, f) is consequence of the energy gap
opened between the edge states by E,-field as shown in
Fig.|11] (d). Thus, we have shown that a proper choice of
the electric field and the multilayer phosphorene quan-
tum dot shape provide a versatile control over its optical
properties.

D. Fermi level and temperature dependence

In sections [[ITB| and [[ITC] the optical absorption is
presented for zero temperature and intrinsic position of
the Fermi level. The absorption measurements, how-
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iation of phosphorene. The two
ify low-energy absorption in-
ith the edge states. Figure[§reveals
idevel position and finite temper-
PQDs. Since this effect should be
s with densely packed edges states,
nd AHEX quantum dots have been
or inveéstigation [see Fig. in Appendix . As
.[8 (a, b) the Fermi level position drasti-
s low-energy absorption for all three polar-
e incident light. The most profound changes
are observed for the absorption below 0.4 eV. It should
be noted that increasing the Fermi level leads not only
to variation of the intensity of the absorption peaks [see
panels for o, in Fig. [§] (a, b)] but also to the peak split-
ting and absorption red shift [see panels for o, in Fig.

the effect
ature for
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FIG. 7: The same as Fig. El but for trilayer AHEX
PQDs.

(a, b)]. In contrast, the influence of the temperature on
PQDs absorption is less profound even at T = 400 K.
As one can see, in Fig. |8 (¢, d), for both chosen trilayer
PQDs the absorption variations are moderate even for
photon energies < 0.4 eV.

If an individual quantum dot is supplied with contacts,
the E,-field applied via back gate voltage vary the quan-
tum dot Fermi level. According to the results presented
in Fig.[8] such electrostatic doping can be used to modify
intensity of the low-energy absorption peaks of PQDs in
a controlled manner similar to what has been proposed
for graphene nanoribbons with edge states [46H48)].

E. Joint density of states and the forbidden optical
transitions

According to the presented results, the absorption
spectra of armchair flakes have a considerably higher
number of absorption peaks than in zigzag flakes. In
order to explain this effect we plot the joint density of
states (JDOS). This quantity, if considered in conjunc-
tion with the total absorption cross-section (o, + oy
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the selected quantum dots [49]. These calewlations are

performed for hexagonal and triasigular dots with zigzag

and the corresponding opti
for single (Fig.[9)a, b, ¢, d)

tum dots. It is clearly seef t the zmber of forbidden
transitions in ZHEX aéﬂ TRI age‘higher than that in
AHEX or ATRI ones: Ol”l%l‘ce, in ZHEX quantum
dots, transitions inghe energy range from 0.3 to 1.25 eV

as in Fig.|§| (a) arg notallowed, therefore they are missing
in the absorpti;

in armchair flakes. This is seen by comparing
idden transitions in ZTRI (Fig.[9] (b)) and ATRI
d)) PQDs. However, the number of forbidden
transitions between edge states and the lowest unoccu-
pied energy states are approximately equal to those in
zigzag PQDs: see the peaks marked with the red arrows
in Fig.[9] (b) and (c).

:
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FIG. 9: The joint density of states and the
corresponding optical absorption spectrum for
hexagonal and triangular phosphorene single layer (a, b,
¢, d) and bilayer (e, f) quantum dots.

IV. CONCLUSIONS

In conclusion, we have investigated the electronic and
optical properties of multilayer phosphorene quantum
dots of triangular and hexagonal shapes with zigzag and
armchair edge terminations. It has been found that in-
creasing the number of layers increases the number of
edge states in the low-energy region around the Fermi
level as well as closes the energy minigaps between the
edge states and valence/conduction band states. Only in
armchair phosphorene quantum dots, the dispersion of
the edge states around the Fermi level is narrow enough
to prevent complete closing of the minigaps at least up
to five layers. However, these gaps of armchair quan-
tum dots can be closed by applying external E, -, and
E,-electric fields. It has been also found that in AHEX
dots the FE.-field split the edges state group onto sub-
groups equal to the number of sublayers in the dot, while
FE,-field divides edge states into two subgroups indepen-
dently of the number of layers. The latter is observed
for all the types of multilayer PQDs except for the ZTRI
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L ‘Idl If follows from our results that the behavior of the edge

PUbI|§Bﬂe@ gi PQDs in external electric field is predominantly
demnned by potentials generated on the edge atoms, where
the electron density is localized. It should be noted that
this potentials can be also affected by the chemical func-
tionalization of the dots, therefore our results provide a
road map for efficient chemical functionalization of such
structures. Attaching different chemical groups to the
edge atoms of PQDs, as it has been done for graphene
quantum dots [50, [5I], one can induce potential differ-
ence, i.e. dipole moment, giving rise to the intrinsic elec-
tric field within the dots.

For optical absorption cross sections it has been
found that quantum dots with armchair edges should be
more preferable for polarization sensitive infrared detec-
tors. For visible frequency range (from 2 to 3 eV) the
anisotropy of the armchair PQDs absorption between z-
and y-polarizations drops down as compared to infrared
region. The F,-field applied to armchair PQDs totally
remove that peaks from the low-energy region opening
an optical energy gap up to 0.8 eV. In contrast, in ZTRI
PQDs the same field significantly increases intensity of

absorption in this region.It should be also noted that t
low-energy absorption peaks, < 0.4 eV, may be cam-

pletely suppressed by spurious doping of the individu
dots, while the effect of temperature is less essenti

trum that is beyond the scope of this paper may\ari
to the interaction between the substrate

tum dots. The dielectric confinement m lso has a
considerable effect on the exciton binding eneN he
excitonic spectrum [52]. However, si N&L get-
ing the intrinsic properties of the dot, such as shape, edge
usage of

the PQDs such
ith a relatively
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T
endix A: Edge states in multilayer PQDs

In this appendix section, we demonstrate that the pe-
culiar group of the energy states in the bulk energy gap of
multilayer PQD contains the so-called edge states, with

their electron density distribution localized at the edges
of the quantum dot. In Fig. [10] this is clearly shown for
the two chosen states of a trilayer AHEX PQD. The over-
lapping between the electron charge densities is also seen.

Side view

. @
NS

AHEX n =222

e s,
® 0. A AN e
’.w‘! / \ ‘\ - %4
Top view
AN
AN /8%
o VAR
g, 8
'y
FIG. IOT)The energy levels of trilayer AHEX PQD with
tronedensity distribution shown for the selected edge
states.

Appendix B: Multilayer PQDs energy levels in
electric fields

In Fig. [I1] the electronic states of ATRI and AHEX
multilayers PQDs are presented as a function of elec-
tric E,-field. Similar to ZHEX PQDs the edge states
in AHEX split open the energy gap between the edge
states. In ATRI dots the energy levels behaviour is qual-
itatively the same but with smaller corresponding energy
gaps. For both PQD types presented in Fig. [I1] the mini-
gaps between edge states and bulk states decrease as N
changes from (a, b) 1 to (e, f) 5-layers.

In order to confirm the generality of the obtained
results for different values of the total number of
atoms (n). We consider in Fig. the effect of
in-plane electric field directed in y-direction (E,)
on the energy levels of ZTRI and ZHEX having
n = 141 and n = 150, respectively. As shown by
Fig. the behavior of the energy levels under
the effect of F, field is qualitatively similar to that

in Fig. [

Appendix C: Optical absorption

Herein, Fig. we provide optical absorption calcu-
lations for layered ZHEX and AHEX PQDs, which in
addition to optical absorption of ATRI confirm the rich
optical transitions in multilayer PQDs with armchair ter-
minations.


http://dx.doi.org/10.1063/1.5048697

This manuscript was accepted by J. Appl. Phys. Click here to see the version of record.

‘! I I ' ATRI, n=216 AHEX, n=222
2
N=1
Publlgml}g o
< % °
5 0\—5 5 0
Q [}
f=4 =
w4 wi_q
%
) 0.02 004 008 01 0 002 004 006 0.1

Electric fi eld (V/A)

Electric field (V/A)

Energy (eV)

02 004 006 00
Electric field (V/A)

(d)

7002 004 006 00
Electric field{\V/A)

0.04 oy
Electrlc ﬁeld (

()

FIG. 11: The energy levels as a functlon
E,-field for (a, ¢, e) ATRI and (

PR

&
L

)
5

[1] A. Castellanos-Gomez, 14 Vlc?relh Prada, J. O. Is-
land, K. L. Narasimha-Achagya, S. I Blanter, D. J. Groe-
nendijk, M. Buscem{. A. lef J. V. Alvarez H. W.
Zandbergen, J. J. Palaci and H. S. J. van der Zant,
2D Mater. 1, 025001%2014).

2] L. Li, Y. Yu, G%J. Ye! Q. Ge, X. Ou, H. Wu, D. Feng,

X. H. Chen, Zhang, Nat. Nanotechnol. 9, 372
(2014).

hu, Z. Luo, X. Xu, D. Toméanek,

no 8, 4033 (2014)

av ni7 E. A. Lewis, S. J. Haigh, D. J.
‘Brien, Chem. Commun. 50, 13338

V. Mater 27, 1887 (2015)

1aa\X Kong, Z.-X. Hu, F. Yang, and W. Ji, Nat.

mmun. 5, 4475 (2014).

. Rudenko and M. I. Katsnelson, Phys. Rev. B 89,
201408 (2014).

[8] K. Dolui and S. Y. Quek, Sci. Rep. 5, 11699 (2015).

[9] Z. Sun, H. Xie, S. Tang, X.-F. Yu, Z. Guo, J. Shao,
H. Zhang, H. Huang, H. Wang, and P. K. Chu, Angew.

Chemie Int. Ed. 54, 11526 (2015).

[10] Z. T. Jiang, Z. T. Lv, and X. D. Zhang, Phys. Rev. B
94, 115118 (2016).

[11] J.-Y. Wu, S.-C. Chen, G. Gumbs, and M.-F. Lin, Phys.
Rev. B 95, 115411 (2017).

[12] J. Dai and X. C. Zeng, J. Phys. Chem. Lett. 5, 1289
(2014).

[13] A. N. Rudenko, S. Yuan,
Rev. B 92, 085419 (2015).

[14] Z. T. Jiang, S. Li, Z. T. Lv, and X. D. Zhang, AIP Adv.
7, 045122 (2017).

[15] D. J. P. de Sousa, L. V. de Castro, D. R. da Costa, J. M.
Pereira, and T. Low, Phys. Rev. B 96, 155427 (2017).

[16] T. Low, A. S. Rodin, A. Carvalho, Y. Jiang, H. Wang,
F. Xia, and A. H. Castro Neto, Phys. Rev. B 90, 075434
(2014).

[17] D. Cakir, C. Sevik, and F. M. Peeters, Phys. Rev. B 92,
165406 (2015).

[18] L. Li, J. Kim, C. Jin, G. J. Ye, D. Y. Qiu, F. H. da Jor-
nada, Z. Shi, L. Chen, Z. Zhang, F. Yang, K. Watan-
abe, T. Taniguchi, W. Ren, S. G. Louie, X. H. Chen,
Y. Zhang, and F. Wang, Nat. Nanotechnol. 12, 21
(2016).

and M. I. Katsnelson, Phys.


http://dx.doi.org/10.1088/2053-1583/1/2/025001
http://dx.doi.org/10.1063/1.5048697

All2

| This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. |

ZHEX, n=150

2 ——

ZTRI, n=141 Ey

Publisﬁh;fg - —

0

—

Energy (eV)
. o

|

Energy (e

% 002 004 006 008. 01 % o002 004 006 008. 01
Electric field (V/A) Electric field (V/A)
(a)
(b)
——
_ =
53 P Ee—
g =0 ———
3] 1] '—
5. = & - ,
——— —
2 002, 004 006, 008, 01 % 00z 004 005 008. 01
Electric field (V/A) Electric field (V/A)
(c) (d)

FIG. 12: The energy levels of single layer (a, b) and
trilayer (¢, d) ZTRI and ZHEX PQDs under the effect
of the in-plane E,-field for total number of atoms
n=141 and n=150, respectively..

[19] R. Zhang, X. Y. Zhou, D. Zhang, W. K. Louf\J.“%hai,
and K. Chang, 2D Mater. 2, 045012 (2015). -~
[20] V. A. Saroka, I. Lukyanchuk, M. E. Portn 1d Hy Ab-

delsalam, Phys. Rev. B 96, 085436 (2017).

[21] J. S. de Sousa, M. A. Lino, D. R. da*€os . Chaves,
J. M. Pereira, and G. A. Farias, Phys. Rew.B 967035122
(2017).

[22] L. L. Li, D. Moldovan, W. X n M. Peeters, Nan-
otechnology 28, 085702 (2017)+

[23] X.-P. Kong, X. Shen, an %J. Phys. Chem. Lett.
9, 947953 (2018). y.

[24] F. X. Liang, Y. H. Re

Z. Luo, H. Li, J. Lin,

Xie, W. Huang, and

ical Mater. 4 (2017).
Guo, J. Chen, X. Zhu, G. Hu,
and H. Zhang, Sci. Rep. 7, 42357

. J. Phys. Chem. Lett. 8, 591 (2017).

.Xang, J. Gao, Z. Zhang, S. Xiao, H.-H. Xie, Z.-B. Sun,

. Wang, C.-H. Zhou, Y.-W. Wang, X.-Y. Guo, P. K.

and X.-F. Yu, Adv. Mater. 28, 8937 (2016).

[31] M. Batmunkh, M. Bat-Erdene, and J. G. Shapter, Adv.
Energy Mater. 1701832, 1701832 (2017).

[32] L. L. Li, D. Moldovan, W. Xu, and F. M. Peeters, Phys.
Rev. B 96, 155425 (2017).

ZHEX, n=216 AHEX, n=222
1. Ned 1. Nt
2 E2)
E £
g Fel
< &
30,5 505
© ®
% 1 2 % 1 2 3
Energy (eV) Energy (eV)

(b)

P

\ N=2
208 L2

£ o

; 06 1 ;

5 ©

04 =

» 505

©02 °

1 2
Energy (eV)

¢ (@

o(e ), arb. units

2

1 2 1
Energy (eV) Energy (eV)

() ()

FIG. 13: The optical absorption cross section for (a, c,
e) ZHEX and (b, d, f) AHEX N-layer PQDs.

[33] M. S. Devadas, T. Devkota, P. Johns, Z. Li, S. S. Lo,
K. Yu, L. Huang, and G. V. Hartland, Nanotechnology
26, 354001 (2015).

[34] A. Arbouet, D. Christofilos, N. Del Fatti, F. Vall?e, J. R.
Huntzinger, L. Arnaud, P. Billaud, and M. Broyer, Phys.
Rev. Lett. 93, 127401 (2004).

[35] T. Devkota, M. S. Devadas, A. Brown, J. Talghader, and
G. V. Hartland, Appl. Opt. 55, 796 (2016).

[36] A. N. Rudenko, S. Yuan, and M. I. Katsnelson, Phys.
Rev. B 93, 199906(E) (2016).

[37] T. Yamamoto, T. Noguchi,
Rev. B 74, 121409 (2006).

[38] H. Abdelsalam, M. H. Talaat, I. Lukyanchuk, M. E.
Portnoi, and V. A. Saroka, J. Appl. Phys. 120, 014304
(2016).

[39] V. A. Saroka, K. G. Batrakov, and L. A. Chernozaton-
skii, Phys. Solid State 56, 2135 (2014).

[40] V. A. Saroka, K. G. Batrakov, V. A. Demin, and L. A.
Chernozatonskii, J. Phys.: Condens. Matter 27, 145305
(2015).

[41] V. A. Saroka and K. G. Batrakov, Russ. Phys. J. 59, 633
(2016).

[42] X. Peng, A. Copple, and Q. Wei, J. Appl. Phys. 116,
144301 (2014).

[43] D. J. DiMaria, E. Cartier, and D. Arnold, J. Appl. Phys.
73, 3367 (1993).

and K. Watanabe, Phys.


http://dx.doi.org/10.1063/1.5048697

11

[49] H. Hsu and L. E. Reichl, Phys. Rev. B 76, 045418 (2007).

| This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. |
‘ s I[ZP V. Castro, K. S. Novoselov, S. V. Morozov, N. M. R.
P

~ & Peres, J. M. B. L. dos Santos, J. Nilsson, F. Guinea, A. K.
PUb“Shl‘ﬂgm, and A. H. C. Neto, Phys. Rev. Lett. 99, 216802
(2007).

[45] S. B. Lu, L. L. Miao, Z. N. Guo, X. Qi, C. J. Zhao,
H. Zhang, S. C. Wen, D. Y. Tang, and D. Y. Fan, Opt.
Express 23, 11183 (2015).

[46] M.-F. Lin and F.-L. Shyu, J. Phys. Soc. Jpn. 69, 3529
(2000).

[47] K.-I. Sasaki, K. Kato, Y. Tokura, K. Oguri, and T. So-
gawa, Phys. Rev. B 84, 085458 (2011).

[48] V. A. Saroka, M. V. Shuba, and M. E. Portnoi, Phys.
Rev. B 95, 155438 (2017).

[50] H. Abdelsalam, H. Elhaes, and M. A. Ibrahim, Chem.
Phys. Lett. 695, 138 (2018).

[51] D. Mombri, M. Romero, R. Faccio, and A. W. Mombrt,
J. Phys. Chem. C 121, 16576 (2017).

[62] J. S. de Sousa, M. A. Lino, D. R. da Costa, A. Chaves,
J. M. Pereira, Jr., and G. A. Farias, Phys. Rev. B 96,
035122 (2017).

[63] L. Shao, H. Ye, Y. Wu, D. Yinxiao, P. Ding, F. Zeng,
and Q. Yuan, Ma?Res. Express 3, 025013 (2016).

[64] X. Wang, A. M. Jénes, K. L. Seyler, V. Tran, Y. Jian,
H. Zhao, H. Wa L *ang, X. Xu, and F. Xija, Nat.
Nanotechnol 1 5'$(201



http://dx.doi.org/10.1063/1.5048697

[¥:)
T1s


http://dx.doi.org/10.1063/1.5048697

LTRI =222

E

2 . .

Energy (eV)
— o

N

A
¥

- N

Energy gap

0 002 004 006 0.08

Electric field (V/A)

0.1

Z


http://dx.doi.org/10.1063/1.5048697

Energy (eV)

002 004 006 0.08

Electric field (V/A)

0.1


http://dx.doi.org/10.1063/1.5048697

*

;

| ™

. Z

|

“ ,,

_:
, ,, ”

1

/

,ﬂ

|

o

(AD) >9mcm__

\

|

|

|

0.08

R774)>

0.06
Electric field

0.04

0.02


http://dx.doi.org/10.1063/1.5048697

Energy (eV)

AHEX; .n=222

N=1

Energy gap

002 004 0068 008

Electric field (V/A)

0.1


http://dx.doi.org/10.1063/1.5048697

Energy (eV)

002 004 006 0.08

Electric field (V/A)

0.1


http://dx.doi.org/10.1063/1.5048697

Energy (eV)

002 004 006 0.08

Electric field (V/A)


http://dx.doi.org/10.1063/1.5048697

Energy (eV)

LTRI =222

0 0.02_ 004 006 008

Electric field (V/ A)



http://dx.doi.org/10.1063/1.5048697

Energy (eV)

0 0.02 0.04 0.06 0.08 0.1

Electric field (V/A)


http://dx.doi.org/10.1063/1.5048697

Energy (eV)

ZHEX;n=216

*

m~ N=7

A

0 002 004 006 008. 01

Electric field (V/A)


http://dx.doi.org/10.1063/1.5048697

Energy (eV)

—.—-"_'_'____- -

002 004 008 008

Electric field (V/A)

01


http://dx.doi.org/10.1063/1.5048697

Energy (eV)

0 002 004 0068 008

Electric field (V/A)


http://dx.doi.org/10.1063/1.5048697

,,,

:

|

I

il
I {
A,,,

I

I

8"

0.08

.

‘
|

™
1
|

0.04

Electric field

0.02

_
|

O |
(A9) ABiau3



http://dx.doi.org/10.1063/1.5048697

Energy (eV)

N

A

O

A

N

ZHEX;n=216
————————————

{_\'—ﬁ‘f\%f

e

—_— =

0 002 004 006 0.08

Electric field (V/ A)


http://dx.doi.org/10.1063/1.5048697

f
!
“

‘

|
|

0.04
Electric field (V/

0.02

~— -

(A9) ABiaug

A)O.'I



http://dx.doi.org/10.1063/1.5048697

c(e ), arb. units

4,

o O
@) 00)

O
N

-
Oa

O

1 2
Energy (eV)



http://dx.doi.org/10.1063/1.5048697

C)O

1 AN
=« &)
\L%N:z
» 08 \\5
E \&\
= 0.6 YL
O
S /@
0414
RS ( v
©
02"
N

1 2
Energy (eV)



http://dx.doi.org/10.1063/1.5048697

S
(b
n._(_.v g
(% 3
A -
i \\;\.\\\ — L
7Y
/4
<
//\X/
! 4,«{\_\),\ o)
T 38 6 o &r°

sjun “que ‘( 3)o


http://dx.doi.org/10.1063/1.5048697

)

¢ ), arb. units
O
O

(

0]

\-\

1.5

Q(

1 2
Energy (eV)



http://dx.doi.org/10.1063/1.5048697

)
915 N
= N
RIS
05
&
OO

1 2
Energy (eV)


http://dx.doi.org/10.1063/1.5048697

syuun “que ‘( 3)o

2

1

Energy (eV)


http://dx.doi.org/10.1063/1.5048697

Y
%,
=
.~

Y

c(e ), arb. units

©
Q

o A~/ '
O

1 2
Energy (eV)


http://dx.doi.org/10.1063/1.5048697

spun “que ‘( 3)

©9

2

1

Energy (eV)


http://dx.doi.org/10.1063/1.5048697

0.8}
0.6/

S
sjun "que ‘( 3)o


http://dx.doi.org/10.1063/1.5048697

o O
@) 00)

O

c(e ), arb. units
IS

-

4,

O

N

—

‘/Q/\

—5
(_,/)
=0.02 VIA
S
\Q\
K
A&

_ Q\

:

0 3

1 2
Energy (eV)


http://dx.doi.org/10.1063/1.5048697

=
e

«» 08 E\\@.OGV/A
= X
> 06 @
3l
= 0.4 0A,
e
o

02!

NS

e

1 2
Energy (eV)



http://dx.doi.org/10.1063/1.5048697

s)un ‘qJe

T 3)

O

2

1

Energy (eV)


http://dx.doi.org/10.1063/1.5048697

c(e ), arb. units



http://dx.doi.org/10.1063/1.5048697

-
o)

c(e ), arb. units

O

)

A

C)O

1 2
Energy (eV)


http://dx.doi.org/10.1063/1.5048697

c(e ), arb. units

1 2
Energy (eV)



http://dx.doi.org/10.1063/1.5048697

N

syuun "que ‘( 3)o

2

1

Energy (eV)


http://dx.doi.org/10.1063/1.5048697

c(e ), arb. units

1 2
Energy (eV)



http://dx.doi.org/10.1063/1.5048697

1.5

J

o
(¢

¢ ), arb. units

1 2
Energy (eV)



http://dx.doi.org/10.1063/1.5048697

o(€), arb. units
O LD O L DO DO

0

00.2 0.4 0.6 0.8 1.0
Energy, eV



http://dx.doi.org/10.1063/1.5048697

o(€), arb. units
O LD O L DO DO

- ? Z—adX1S -

0

00.2 0.4 0.6 0.8 1.0
FEnergy, eV



http://dx.doi.org/10.1063/1.5048697

o(€), arb. units
O LD O L DO DO

'_.,-/\\___.‘__‘ 4_'.

0

00.2 0.4 0.6 0.8 1.0
FEnergy, eV



http://dx.doi.org/10.1063/1.5048697

o(€), arb. units

OF—DNDO O L DN DN

N

0

00.2 0.4 0.6 0.8 1.0
Energy, eV



http://dx.doi.org/10.1063/1.5048697

JDOS(g), arb. units

G(€ )

ZHEX,; N=1

0.5 1
Energy (eV)

Forbidden transitions |<—>|
1 M
iy JVW L

/'4\ U\ é \

AR eiiem LA 5.....x':i.5


http://dx.doi.org/10.1063/1.5048697

cfc )

ZTRIN=1

JDQOS(g), arb. units

il

—

05

Energy (eV)


http://dx.doi.org/10.1063/1.5048697

AHEX; N=1

JDOS(g), arb. units

o(c )

0.5
Energy (eV)


http://dx.doi.org/10.1063/1.5048697

JDQOS(g), arb. units

c(€ )

ATRE N=1

e T x

0 5 LW
Energy (eV)



http://dx.doi.org/10.1063/1.5048697

JDOS(g), arb. units

o(€ )

LHEX, N=2

i
ol

i 1
K ¢ YV Iy
I )

----------

0.5 1

Energy (eV)

*
L \-u... -

1.5


http://dx.doi.org/10.1063/1.5048697

AHEX: N=2

spun “que ‘(3)sOar

||||||||||||||||| 1
oy
-’
ll-“__.v
"~ >
b
¢
m..v
11111
I"‘.
)
Ry
I..II.‘II_IIII..H"II”IIIIII“II
TN e
ol
..........n.n.....uuu.nnnlu.nuul.:..... V
llll-’.
.__Hll_l...:- e
-—- e’
-
O -
1=
-
!
t
P
!
¥
R
.S
....lh.ﬁ-......
oo
-._.-.Ill._.._..__l_nl
ll““.m.hl._lh..-ll
Lo


http://dx.doi.org/10.1063/1.5048697

\
T
ﬁwéé@/o&@o\?&
S R e
NRIRREIIRID

TREAS
Vi YNNG NN S

Side view

LXK ‘/v\.“/“\\\"

) > /J‘\/\Q“\‘OO‘

e—¢ep, eV

I /-ON ‘[oA9] ASoury


http://dx.doi.org/10.1063/1.5048697

A

Energy (eV)
-

ATREnN=216

-1 \\+
/

_ — : ___Q———'_f

2O 0.02 0.04 0.06 0.08 0.1

Electric field (V/A)


http://dx.doi.org/10.1063/1.5048697

Energy (eV)

i —

Electric field (V/A)

0 002 004 00 "


http://dx.doi.org/10.1063/1.5048697

Energy (eV)

002 004 006 008

Electric field (V/A)

0.1


http://dx.doi.org/10.1063/1.5048697

Energy (eV)
Lo

N

0 002 004 006 008

AHEX, n=222

—— ——
e —

]

e —

I —
_s#-—-__

I — i —

Electric field (V/A)

0.1


http://dx.doi.org/10.1063/1.5048697

Energy (eV)

0.02 0.04

Electric field (V/A)

008 008



http://dx.doi.org/10.1063/1.5048697

o

O

02 004 006

-

_ —— e
-

Electric field (V/A)

0.08



http://dx.doi.org/10.1063/1.5048697

Energy (eV)
— o

N

A
|

0 002 004 006 008

ZTRKN=141

e

q_

N=1 —

. ——

Electric field (V/A)

0.1


http://dx.doi.org/10.1063/1.5048697

Energy (eV)
Lo =

N

ZHEX, =150

L ————

I I
_ﬁ_

\ e ——

N=1\

—

——

 —

-

= —m

ﬁ:

— e e

002 004 006 008. 0.1

Electric field (V/A)


http://dx.doi.org/10.1063/1.5048697

Energy (eV)

0 002 0.04 006

008 ,
Electric field (V / A)



http://dx.doi.org/10.1063/1.5048697

Energy (eV)

|
A
|

A
|

0 002 004 006 O 08

Electric field (V/ A)


http://dx.doi.org/10.1063/1.5048697

c(c ), arb. units

ZHEX; n=216
N=1 '

-

1.5

1 2
Energy (eV)



http://dx.doi.org/10.1063/1.5048697

TES
N=2c,,)b
s 0.8/ N
= N
> 06 @
8 |
- 04r &
5
S
02!
g

C)O

1 2
Energy (eV)



http://dx.doi.org/10.1063/1.5048697

ON

spun "que ‘( 3)9

2
Energy (eV)

1



http://dx.doi.org/10.1063/1.5048697

AHEX; n=222
. /"‘\5\ .

1.5
N=1

S 1 S
g ~
s | <
—~0.5 &,
£ d;
° &

Q.\

OO

1 2
Energy (eV)


http://dx.doi.org/10.1063/1.5048697

c(c ), arb. units

1.5

1 2
Energy (eV)


http://dx.doi.org/10.1063/1.5048697

spun “qJe ‘( 3)o

2

1

Energy (eV)


http://dx.doi.org/10.1063/1.5048697

	Multilayer phosphorene quantum dots in an electric field: energy levels and optical absorption
	Abstract
	Introduction
	 Theoretical Model
	 Results and discussion
	 Energy levels: stacking and electric field effects
	Optical absorption cross section
	Electric field effect on the optical absorption spectrum
	Fermi level and temperature dependence
	Joint density of states and the forbidden optical transitions

	 Conclusions
	Acknowledgments
	 Edge states in multilayer PQDs
	 Multilayer PQDs energy levels in electric fields
	 Optical absorption
	References

	Manuscript File
	1
	fig2a
	2b
	2c
	2d
	2e
	2f
	3a
	3b
	3c
	3d
	4a
	4b
	4c
	4d
	5a
	5b
	5c
	5d
	5e
	5f
	6a
	6b
	6c
	6d
	6e
	6f
	7a
	7b
	7c
	7d
	7e
	7f
	8a
	8b
	8c
	8d
	9a
	9b
	9c
	9d
	9e
	9f
	10
	11a
	11b
	11c
	11d
	11e
	11f
	12a
	12b
	12c
	12d
	13a
	13b
	13c
	13d
	13e
	13f

