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This article discusses the attempt to create the built-in lateral p-n junctions in a sheet of black phos-
phorene using the adsorbed organic molecules as dopants. Within the framework of the methods of the
electron density functional and the ab initio pseudopotential, the valence electron density spatial distribu-
tions, the densities of electronic states, the band gaps and the core charges of a sheet of black phosphorene
were obtained. On the sheet of black phosphorene, there was a homogeneous distribution of the valence
electron density. The adsorption of carbamide molecules for diverse types of localization on the surface of a
black phosphorene sheet led to the redistribution of electron density in it. It was evident that the charge
regions of greater density in a black phosphorene sheet with adsorbed carbamide molecules were localized
under the atoms of carbamide molecules, forming a common region of the electronic density elevated con-
centration. The removal of the molecules led to a decrease in their effect on the redistribution of the va-
lence electron density in a black phosphorene sheet. The accumulation of the electric charge of a black
phosphorene sheet in the region under the carbamide molecules in turn led to the emergence of regions on
the black phosphorene sheet, in which the core charges changed the sign to the opposite. The homogeneity
of the distribution of electron density in the black phosphorene sheet disappeared and areas of a spatial
charge of different signs were formed. Such areas with charges of different sings create conditions, which
are the main characteristic of p-n junctions. Also it was established that the adsorption of the black phos-
phorene sheet with carbamide molecules led to a change in conductivity of a black phosphorene sheet.
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1. INTRODUCTION

Molecule doping is a flexible and effective method
towards modulating the electronic properties of 2D
materials [1]. Molecules adsorbed onto the surface can
influence transport in the 2D material, for example, by
introducing doping effects and a p-n junction can thus
be fabricated by locally doping the material [2]. A chem-
ically doped p-n junction was reported by researchers [3-
5]. In work [1], the authors used benzyl viologen as an
effective electron dopant to part of the area of a few-
layer black phosphorus flake and achieve an ambient
stable, in-plane p-n junction. Such chemical doping with
benzyl viologen molecules modulates the electron densi-
ty and allows acquiring a large built-in potential in this
in-plane black phosphorus p-n junction.

Black phosphorus constitutes a new class of 2D mate-
rials. It is intensively studied as a 2D semiconductor [6-
10]. Phosphorene, as a phosphorus analogue of graphene,
refers to the monolayered black phosphorus crystal [11].
The presence of an appreciable direct band gap and high
carrier mobility makes phosphorene a promising candi-
date for novel semiconductor applications [12]. The au-
thors [13] reported that the band gap of phosphorene
depends on the number of layers and the in-layer strain,
and is significantly larger than the bulk value.

For extension of information about electronic prop-
erties of the black phosphorene sheet with the adsorbed
organic molecules as dopants, the valence electron
density spatial distribution, the densities of electronic
states, the band gaps and the core charges have been
calculated in the framework of the electronic density
functional and ab initio pseudopotential.
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2. METHODS OF RESEARCH

The calculations used the author’s program code [14],
which is based on the methods of the electron density
functional and the ab initio pseudopotential. It imple-
ments the algorithm of self-consistent solution of Kohn-
Sham equations in the local approximation, when only
electronic variables are determined at fixed atomic cores.
See [15] for more details.

3. OBJECTS, RESULTS OF CALCULATION
AND THEIR DISCUSSION

For the study of electronic properties of the sheet of
black phosphorene with the adsorbed organic molecules
as dopants, the model of the super-lattice was developed
(Fig. 1a). The rhombic primitive cell of the super-lattice
has the following parameters: a=17.72 A, b=13.08 A,
c=14.82 A. The geometric properties of the primitive cell
were such that it was convenient to use the Cartesian
coordinate system. The dimensions of the primitive cell
in the directions X and Y were chosen so that the trans-
lation of the cell organizes an infinite black phosphorene
sheet. The size of the primitive cell in the direction Z
was chosen to avoid the interaction of atomic planes
transmitted in this direction. The atomic base contained
64 phosphorene atoms. The calculation was performed
only for I'-points of the Brillouin zone of super-lattice.

Carbamide (urea) (NH2)2CO was selected as adsorbed
molecules. (NHz2)2CO is the colorless crystalline substance
having a melting point of 132.7 °C. A primitive cell of a
super-lattice with an atomic base for simulation of an
infinite monolayer (which consisted of two atomic layers)
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sheet of black phosphorene with adsorbed carbamide

molecules that were placed on both sides of the sheet of

—————————p

J. NANO- ELECTRON. PHYS. 11, 05033 (2019)

black phosphorene or one against each other, or one offset
each other were shown in Fig. 1b, c respectively.
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Fig. 1 - Primitive cells of a super-lattice with an atomic base for simulation of an infinite monolayer sheet of black phosphorene
(a) and simulation of an infinite monolayer sheet of black phosphorene with adsorbed carbamide molecules for “one against each

other” (b) and “one offset each other” type of localization (c)

The studies were to find changes in the electronic
properties of an infinite monolayer sheet of black phos-
phorene with the adsorbed organic molecules of car-
bamide as dopants. For comparison, several distances
between the carbamide molecules and the black phos-
phorene sheet were chosen. These distances were
changed from 1.87 A (the smallest distance between
atoms that is equal to the sum of covalent radii of phos-
phorene atom and molecule’s atom) with subsequent
increase up to 2.0 A; 2.5 A; 3.0 A.

In Fig. 2, Fig. 3, the spatial distributions of valence
electron density, their cross sections within the car-
bamide molecule and an infinite monolayer sheet of
black phosphorene before adsorption were presented.

By concentration of valence electron density of the
molecule plane, one can determine the intensity of the
covalent bonds between the atoms within the molecule.
On the sheet of black phosphorene, there was a homoge-
neous distribution of the valence electron density with
charge on the phosphorene atoms cores —2.15e. The
electric charge was evaluated in a spherical volume with
the radius r = 1.32 A.

For localization of adsorbed carbamide molecules of
“one against each other” and “one offset each other”
types on black phosphorene sheet depending on the dis-
tance to the black phosphorene sheet, the maps of spa-
tial distribution of valence electron density and their
cross sections, the values of electric charge on the black
phosphorene atoms were depicted in Fig. 4 and Fig. 5.

It was evident that the charge regions of greater den-
sity in a black phosphorene sheet with adsorbed car-
bamide molecules were localized under the atoms of
carbamide molecules, forming a common region of the
electronic density elevated concentration, covering the
atoms of black phosphorene and atoms of carbamide
molecules. The removal of the molecules led to a de-
crease in their effect on the redistribution of the valence
electron density in a black phosphorene sheet that was
confirmed by the calculated electric charges on the black
phosphorene atoms located directly under the molecules
(see Fig. 4c, Fig. 5¢). It was believed that the location of
molecules at computed distances from the black phos-
phorene sheet is a chemical adsorption.

The accumulation of the electric charge of a black
phosphorene sheet in the region under the carbamide
molecules in turn led to the emergence of regions on the
black phosphorene sheet, in which the core charges
changed the sign to the opposite. That is, the homogenei-

ty of the distribution of electron density in the black
phosphorene sheet disappeared, and areas of a spatial
charge of different signs, which are a prerequisite for
creating of the built-in lateral p-n junctions, were formed
(Fig. 6). The values of the electric charge on the black
phosphorene atoms, which are located directly under the
carbamide molecules, at various adsorption distances for
“one against each other” and “one offset each other”
types of localization were given in Table 1, Table 2.

a b

Fig. 2 - Spatial distribution of valence electron density within
the interval of 0.5-0.6 of the maximum value (a) and their
cross section (b) within the carbamide molecule

il

Fig. 3 — Spatial distribution of valence electron density of an
infinite monolayer sheet of black phosphorene within the
interval of 0.1-0.2 (a) and 0.2-0.3 (b) of the maximum value
and their cross sections in planes [110] and [100] in one primi-
tive cell (c) and in the image of the black phosphorene sheet
covering several primitive cells (d)

¢
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Fig. 4 — Spatial distribution of valence electron density of an infinite monolayer sheet of black phosphorene with adsorbed car-
bamide molecules for “one against each other” type of localization within the interval of 0.1-0.2 of the maximum value (a), their
cross sections in planes [110] and [100] (b), values of electric charge of black phosphorene atoms, which are located directly under

the molecules (c) at different adsorption distances

| 1=2,00 4

| [1=3,00 4

Fig. 5 — Spatial distribution of valence electron density of an infinite monolayer sheet of black phosphorene with adsorbed car-
bamide molecules for “one offset each other” type of localization within the interval of 0.1-0.2 of the maximum value (a), their
cross sections in planes [110] and [100] (b), values of electric charge of black phosphorene atoms, which are located directly under

the molecules (c) at different adsorption distances

In the course of calculation, the values of band gap
width of an infinite monolayer sheet of black phos-
phorene for “one against each other” and “one offset each
other” localization types depending on the adsorption
distance were obtained, which were shown in Fig. 7 and
in Table 3. For “one against each other” type of localiza-
tion, there was a significant increase in the band gap
width of an infinite monolayer sheet of black phos-

phorene to almost 11 eV at an adsorption distance of
2.0 A. But for “one offset each other” type of localization
at the same adsorption distance of 2.0 A, there was rec-
orded a decrease in the band gap width to 0.1 eV. Note
that in these calculations the band gap width of the
infinite monolayer sheet of black phosphorene before
adsorption was 6.8 eV (round marker in Fig. 7).
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Fig. 6 — Distribution of electric charge of an infinite monolay-
er sheet of black phosphorene with adsorbed carbamide mole-
cules for “one against each other” (a) and “one offset each
other” (b) types of localization

Table 1 - Charge values of black phosphorene atoms, which
are located directly under the molecules, for “one against each
other” type of localization

number of P
atoms from [1.87A|2.0A|25A(3.0A
Fig. 6a

22 —17.77|— 17.63|- 16.88]- 15.47
23 —14.37|- 14.10[- 12.54]- 10.09
26 — 17.96|— 17.86|- 17.22]- 15.84
28 —16.71|- 16.49]- 15.20]- 13.34
37 —17.96|— 17.86|- 17.22]- 15.84
39 —16.71|- 16.49[- 15.20]- 13.34
41 —17.77|- 17.63|- 16.88]- 15.47
44 —14.37|- 14.10[- 12.54]- 10.09

Table 2 — Charge values of black phosphorene atoms, which
are located directly under the molecules, for “one offset each
other” type of localization

number of P
atoms from [1.87A|20A | 25A]|3.0A
Fig. 6b

3 -9.47]-9.13[-7.69]|-5.82
7 -5.68|-522[-351]-1.94
17 —10.83|- 10.52| — 8.81 | - 7.34
19 —14.99|- 14.60|- 12.98|- 11.34
21 —17.30|— 17.09]- 16.29|— 15.25
23 -817]|-7.83[-6.41]-4.98
42 —17.30|- 17.09]- 16.29|- 15.25
44 -817]|-7.83[-6.41]-4.98
46 —10.83|— 10.52| — 8.81 | — 7.34
48 —14.99|- 14.60]- 12.98]- 11.34
60 -5.68|-522[-351]-1.94
64 -9.47]|-9.13[-7.69]|-5.82
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Table 3 — Band gap width of an infinite monolayer sheet of
black phosphorene with adsorbed carbamide molecules for
“one against each other” and “one offset each other” types of
localization

“one against each | “one offset each
Distance other” other”
0, A
Eg, a.u. Eg,eV | Eg, a.u. | Eg, eV
1.87 0.24 6.53 0.49 13.33
2.0 0.40 10.88 0.004 0.10
2.5 0.14 3.81 0.03 0.82
3.0 0.26 7.07 0.04 1.09
Eg, eV
’1
14,0
12,0 !
' |
10,0 ==
Vv LY
5,0 3 S =
6,0 ? ¢ § = ——
4,0 1 =
2,0 !
' L - ———— ="
0,0 ==
1,5 2,0 2,5 3,0 35 LA

Fig. 7 - Change of the band gap width of an infinite monolay-
er sheet of black phosphorene with adsorbed carbamide mole-
cules for “one against each other” (blue line) and “one offset
each other” (red line) types of localization

4. CONCLUSIONS

Within the framework of the methods of the electron
density functional and the ab initio pseudopotential,
based on own program code, the valence electron density
spatial distribution, the densities of electronic states, the
band gaps, the charges of core regions of a black phos-
phorene sheet with the adsorbed organic molecules as
dopants were obtained.

The adsorption of carbamide molecules for diverse
types of localization on the surface of a black phos-
phorene sheet led to the redistribution of electron densi-
ty in it and the formation of electric charge areas with
different signs, which is a prerequisite for creating the
built-in lateral p-n junctions. “One offset each other”
type of localization had the greatest impact on the elec-
tric charge of black phosphorene atom cores.

The adsorption of carbamide molecules for diverse
types of localization on the surface of a black phos-
phorene sheet led to a change in conductivity of a black
phosphorene sheet. There was a significant increase in
the band gap width for “one against each other” type of
localization. “One offset each other” type of localization
caused a considerable decrease in the band gap width.
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Bukopucranas ancop0oOBaHUX OPraHiYHUX MOJIEKYJI K JIETYIOYUX JOMIIIOK /11 CTBOPEHHS
BOYyIOBAHUX JIaTE€ PAJIBHUX P-N MepexoniB y jgucti yopuoro docdopeny

P.M. Bamna6aii, A.I'. ComomeHKO
Kpusopisvruii depacasnutl nedaco2iunuil yHisepcumem, np. I azapina, 54, 50086 Kpusuii Pie, Vrkpaina

V wiit craTTi po3riISaaeThes CIIpoda CTBOPEHHS BOYIOBAHUX JIATEPAJILHUX P-N IMEPEXOMIiB Y JIUCTI YOPHO-
r0 docopeHy 3 BUKOPUCTAHHIM aICOPOOBAHUX OPTaHIYHUX MOJIEKYJI K JIETYIOUNX JOMIIIOK. ¥ paMKax Me-
TOMIB (PYHKI[IOHAJY €JIeKTPOHHOI T'yCTUHM Ta IICEBIOIOTEHINANY 13 MMepPIINX IPUHIIAINEB OTPUMAHO IIPOCTO-
POBI PO3IIOJIIIN TYCTUHY BAJIEHTHUX €JIEKTPOHIB, 'YCTUHU €JIEKTPOHHUX CTAHIB, 3a00POHEH] 30HU Ta 3apsiau
HA aTOMHHX OCTOBAX y JIUCT1 4opHOTo (pocdopeny. CrocTepiraBess OMHOPLIHUN POSIIOILI I'YCTUHNA BAJIEHTHUAX
€JIEKTPOHIB y JimcTi yopHoro docdopery. AncopOiriss MOJIeKy I KapbaMiay [/ PiSHOMAHITHUX THUIIIB JIOKAJIi-
3arfii Ha MOBEPXHI JIMCTa YOPHOTro pocdopeHy IIpr3Besa JI0 IePeposIO Iy eJIEKTPOHHOI TYCTUHN B HBOMY.
O6acri 3apsy GLIBIIOLI TYCTUHM B JIMCTI YOpHOTO (ocdopeHy 3 agcop00BaHUMU MOJIEKYJIaMu Kapbamimy
JIOKAJTI3yBAJIHACA II1J] AaTOMaMU MOJIEKYJI KapOaMily, YTBOPIOOUH 3araJibHy 00J1aCTh ITIBUIIEHOI KOHIIEHTpA-
i1 eJIEKTPOHHOI I'yCTUHU. BijyiaseHHs MOJIEKyJI IIPU3BEJIO 10 3MEHIIeHHs iX BIUIMBY HA MEPEPOSIIOLL I'yc-
THHU BaJIEHTHUX eJIEKTPOHIB y JIMCTi YopHOTO (hochopery. HarommdaeHHs €JIeKTPHYHOTO 3apsify B JIUCTI 40-
pHOro ochopeHy Ha FIISHKAX I MOJIEKYJIaMU KapOaMigy B CBOIO Yepry CIIPUYMHMIIIO BHHUKHEHHS obiac-
Tell y JucTi YopHOro ocopeHy, B AKUX 3apsIyd HA aTOMHHMX OCTOBAX 3MIHIOBAJIU 3HAK HA IPOTHUJIESKHUMN.
OIHOPIAHICTD POSIOILILY €JIeKTPOHHOI I'YCTUHN B JIMCTI YOPHOTO (PocdOpeHy SHUKJIA 1 YTBOPUIIMCS TiJIAHKNA
IIPOCTOPOBOrO 3apAmy pisHoro aHaky. Tari 00J1acTi 3 3apAgaMHU PI3HUX 3HAKIB CTBOPIOIOTH YMOBH, SIK1 € OCHO-
BHOIO XapPaKTePUCTUKOI p-n-mepexomis. Taxomk 0yJio BCTAHOBJIEHO, 10 aacopOIia B JIUCTI YopHoro dgocdope-
Hy MOJIEKYJIaMU KapbaMiay mpusBesia 10 3MIHHU IIPOBIAHOCTI JIMCTa YOPHOTO (POChOpeHy.

Kmiouosi cnosa: BOymoBanuit starepanbumii p-n mepexin, Yopuuit gocdoper, Opradivyai MoJeKysn,
Jleryroui momirkwn, Ancop6rist, Pospaxyrru i3 meprux npuHnumnis, Erxexrpuanuit sapss.
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