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The study of carbon-based nanostructured materials is a highly active research field, that has made significant progress in the study of two
dimensional materials and nanotechnology. The interest in these materials is mainly attributed to the fascinating properties they exhibit, as
seen in the case of graphene as a 2D material, as well as emergence on numerous novel 2D materials and their heterostructures. Additionall
there is important interest in systems such as 2D quantum dots. Therefore, this work focuses on the systematic study of graphene quantur
dots of various sizes, all within the framework of first-principles density functional theory. We started with the simplest graphene quantum
dot (GQD) structure, benzene {Bs), which consist of six carbon atoms passivated with hydrogen atoms. We then increased its size by
adding more aromatic rings, resulting in the following GQD configurationsHg,, Cs4H1s, CosH24, Ci50Hs0 and GisHss. We report

the density of states (DOS) and the imaginary part of the dielectric funetigriaf the system, analyzing both the pristine configuration and

the effect of both single and double (boron, nitrogen and silicon, denoteg) a$t& double substitutional atom study was done considering
random,ortho-, meta, andpara-director positions just for the &G4H245,, GQD. In general, we can conclude that as the GQD increases in

size, the HOMO-LUMO energy decreases. Furthermore, it is observed that boron and nitrogen exhibit their expaotigtype doping
characteristics, but this differs between single and doubkuBstitutions. Additionally, the imaginary part of the dielectric function is highly
sensitive to the positions of single and double substitutional atoms, as well as the polarization of incident light. Therefore, we suggest that
these differences can be used to clearly determinate the type of substitutional atoms and their positions from optical measurements.

Keywords: Graphene quantum dots; density functional theory; dielectric function.

DOI: https://doi.org/10.31349/RevMexFis.70.041601

1. Introduction ods can be used to produce carbon nanotubes, fullerenes, or

graphene quantum dot structures [7-9]. From a theoretical
Carbon exist or is present in nature in two allotropic forms:Point of view, there is recent report on the electronic and mag-
diamond and graphite. It can also be synthesized as fullererft€tic properties for double and triple vertically stacked trian-
or as single- and multi-walled carbon nanotubes. Furthergular graphene quantum dots with AA and AB atom align-
more, in 2004, a new carbon allotrope, graphene, was discoyent [10]. There are also reports on the same properties in
ered [1]. Graphene was considered the primary 2D-materig?ther materials, such as a single MoBangular quantum
since then and is still highly relevant today. Additionally, dot [11]. Both of these studies utilize density functional the-
there are several novel two-dimensional materials, such as tiy (DFT). Furthermore, using DFT, magnetic properties and
borophene, phosphorene, silicene, germanene, etc., whi¢he tunable band gap of silicene quantum dots embedded in
play an important role in materials research. These matesilicane have been reported [12].

rials have been studied both theoretical and experimentally  One of the most studied graphene quantum dots (GQDs)
over the last two decades. The studies on hexagonal tWs the coronene. It is noteworthy for its significance, being
dimensional materials are not limited to group-1V elementsjyst after the benzene molecule. Coronene is formed by 24
they have also been extended to Ill-V ones [2,3], as well as t@arhon atoms surrounded by 12 hydrogen atomsHE). In
other 2D-materials like transition metal dichalcogenides [4]. this context;n represents the number of carbon atoms in the
Not only have been extended 2D-materials, ideally infi-hexagonal structure, and represents the number of outer
nite 2D sheets of atoms, studied over the last two decadepassivating hydrogens. For instance, J.J. Berdez-Rosas
but also finite ones that we can categorize as 2D quanturet al. [13] reported the electrical and chemical properties of
dots have been widely studied for their fascinating properthe G4H;> GQD. They also investigated the graphane and
ties and potential applications [5,6]. Various synthesis metha graphene oxide configuration, from the theoretical point
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of view, using DFT. In their work, the authors suggestedcode method implementation [26,27], that uses a linear com-
that it is possible to control the electronic properties througtbination of atomic orbitals (LCAO). Here, we implemented
the adsorbed chemical radicals. The experimental bottom-u@ double( polarized (DZP) basis set, with a Pseudo Atomic
preparation has been recently reported [14], along with elec©rbitals (PAO) energy shift of 0.075 eV, for all the reported
tronic structure computation, of what the authors called theases, and the generalized gradient approximation (GGA) ex-
247 aromatic coronene molecule. The samghfi, GQD  change and correlation functional with the Perdew-Burke-
molecule, using DFT, has been studied for the adsorption dErnzerhof (PBE) parametrization. A mesh cutoff energy of
neutral and cationic forms of lithium (Li/t1i) atoms and con- 200 Ry, after performing a total energy convergence test for
cluded that the HOMO-LUMO energy level strongly dependseach GQD size, ensures the accuracy of the total energy. Fi-
on the Li/LiT adsorption position [15], and there are somenally, a maximum force tolerance of 0.04 @/has been ap-
other reports for the same system [16-18]. plied during the relaxation procedure using the conjugate gra-
However, there are larger possible configurations for thalients method.
C,»H,, GQD, as the one reported in Ref. [19] that study the
interaction of small molecules with the pristine and N-, Si-, . .
B- and Al-doped GQD for i) = (24.12), (54.18), and S Xesults and discussion
(96,30), with potential applications as gas sensors. The 0XYrhe purpose of this study is to report the DOS andor hy-
gen reduction reaction, as function of thg, 8, GQD size,  grogenated hexagonal GQDs. For this study we start from
has been reported for nitrogen doped systems [20]. The cafne well-known benzene moleculeds) that consist of six
alytic properties of nitrogen-doped graphene quantum dotgarpon atoms, located at the hexagon vertices that are passi-
(N-GQDs) in the oxygen reduction reaction (OOR), usingyated with hydrogen atoms, as depicted in Fig. 1a). The next
different ions/groups absorbed on the GQD surface, havgeyagonal GQD consist of 24 carbon atoms with 12 passivat-
been reported by Q. Guet al. [21]. They concluded that jng hydrogen ones (GH;,), as the one in Fig. 1b), that re-
HsO0 ads_orptlon exhibits the best ORR catalytic act|V|ty COM-cently has been experimentally synthesized [14], and named
pared with the HO™, OH, OH~, H3O". The theoretical coronene. Following this line, we theoretically construct the

study of the effect of a porphyrin-like vacancy on the spectrab54|_|18 GQD depicted in Fig. 1c), then one more aromatic
properties of graphene quantum dots is reported in Ref. [22],

where the authors state that this type of vacancy can modify
the charge separation in the excited states of the peripheral
carbon chain. Also, the pristine and holey,B,, GQD opto-
electronic properties have been reported [23], as well as other
recent reports [24,25].

The aim of this work is to report the effect of single and
double (with randomertho-, meta, andpara-director posi-
tions) boron (B), nitrogen (N), and silicon (Si) substitutional
doping atoms on the energetic positions of the Highest Oc- | ;
cupied Molecular Orbital (HOMO) and Lowest Unoccupied ’
Molecular Orbital (LUMO), as well as on the density of states
(DOS) and the imaginary part of the dielectric function for
hexagonally shaped,fH,, graphene quantum dots (GQDSs).

To accomplish this task, in the following sections, we will
present the computational methods. Next we will indepen-
dently present the results for single and double substitutional
impurities, with the corresponding discussion. Finally, we
will provide the main conclusions of the work.

2. Computational method

In this paper we report the density of states (DOS) as well
as the imaginary part for the dielectric functian )X for sev-

eral hexagonal graphene quantum dots (GQDs). Starting
from the simplest possible aromatic structurgHg, a ben-

zene molecule and adding each time more aromatic rings
we can reach the £sH3ss graphene quantum dot structure. L
We study these systems within the framework of the Densitygure 1. Pristine GQD starting from a) benzenes@) and in-

Functional Theory (DFT) by using the SIESTA (Spanish Ini- creasing the GQD size by adding each time more aromatic rings:
tiative for Electronic Simulation with Thousand of Atoms) b) Co4H12, ¢) CsaH1s, d) CosHa4, €) CisoHzo and f) GigHae.
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3.1. GQD properties with substitutional impurities
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In this section, we analyze the effect of considering sub-
stitutional impurities on the structural properties, density of

states, as well as the imaginary part of the dielectric function

E E(H 3iF of the system, with:- andy-direction polarized light. We use
g | CEL substitutional impurities from the nearest neighboring carbon
- o 3 _F atoms, which are boron (B), nitrogen (N), and silicon (Si).
Z i o E -.3;‘ = j\ First, a single substitutional atom, located at one vertex of the
2 o S L WP ST central hexagon for the three largest B,, hexagonal GQD,

T e o ' sdw ! is considered. Then, we consider the intermediatgHg,

hexagonal GQD configuration with two substitutional impu-
FIGURE 2. Density of states computation, and the imaginary part rity atoms, in the central aromatic ring, withitho-, meta,
of the dielectric function, for the hexagonal GQDs depicted in andpara-director positions, as well as one in the central aro-
Fig. 1 as the size of the system increases. matic ring and the other in a random position.

ring is added to have in Fig. 1d) the .4 GQD, followed

by the G50H3o system in Fig. 1e), and finally the,GHsg
In Fig. 3a) we present the relaxed structure for an hexagonal

GQD given in Fig. 1f). ) .
Figure 2 shows, from top to bottom, the DOS as well asCosH24 pristine graphene quantum dot with a carbon-carbon

the imaginary part of the dielectric function for the, &, i

3.1.1. GQD with single substitutional impurities

interatomic distance of 1.44. In Fig. 3b), the relaxed sys-

hexagonal GQD, for the relaxed structures depicted in Fig. 1t,em, considering a bprop substitutional !mpurity inthe centrgl
starting from the benzene molecules{&;), reproducing the hexagonal parbon ring is presented,. with a carbon-bqron in-
characteristic benzene molecule’s HOMO-LUMO peaks po_terat_omlc d|s_tance qf 1.5@._When a nitrogen atom, deplcted_
sition. In this case, the HOMO-LUMO energetic distance isU" Fi9- 3¢), is considered instead of the carbon atom, the in-
about 5.043 eV, that is in good agreement with previous ref€ratomic carbon-nitrogen distance is 1A42Finally, when
ported theoretical reports [28], and the same is true for théhe silicon atom, the larger one, substitutes the same carbon
CoyHio GQD [13]. We can see that as theg,8,, hexago-

nal GQDs size increases, by adding each time more aromatic
rings, the DOS peak structure is more rich while the HOMO-
LUMO energetic distance decreases each time more. In the
same fashion, as the,(H,, hexagonal GQDs size increases,
g2 exhibits more structure each time, while the optical gap - .
which must be understood as the energetic distance betwee
zero and the first imaginary part of the dielectric function
peak, also decreases. It is important to mention that we doa)
not apply any optical gap correction to compensate the GGA-
PBE underestimated HOMO-LUMO gap or the excitation ef-
fects; the same holds for all the results reported elsewhere.
The OptxandOptylabels refers to polarized light with elec-
tric field alongz- andy-directions, respectively, and the GQD

TABLE |. HOMO-LUMO energetic difference for the,H,, GQG.

CesHs CasHi2 CsaHis
HOMO-LUMO (eV) 5.043 2.797 1.862 . .
FIGURE 3. Hexagonal GsH24 GQD a) without doping, b) con-
CosHaa CisoHs0 Ca16Hs3s sidering a B substitutional atom {§H24B), c) a N substitutional
HOMO-LUMO (eV) 1.321 0.958 0.716 atom (GsH24N), and d) a Si substitutional atom {§H-4Si).
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FIGURE 4. Density of states for GH, (left column) and
Cm—1H, S, (right column). HereS, stands for substitutional
atoms of boron (B), nitrogen (N), and silicon (Si). The,(n)
pair values are (96,24), (150,30), (216,36).

atom position, the carbon-to-silicon distance reachesA.68

For all the relaxed structures, as the substitutional atom has ¢

K. M. MENDEZ-MARTINEZ et al.,

The density of states results for the three largest hexago-
nal C,,_1H, S, GQD, whereS, stands for the single sub-
stitutional (B, N, Si) atom, withs,n) pairs of: (96,24),
(150,30), and (216,36), are shown in Fig. 4. The DOS for the
pristine G,,H,, GQD are in the left side for each case, and it
is easy to see that the single substitutional impurities induce
a richer DOS structure. For instance, in the first set of plots
from Fig. 4, which corresponds to the,C,H,B GQD, we
can observe that, as thev(n) pair increases, HOMO-LUMO
molecule energy decreases, in a fashion similar to what is re-
ported for the corresponding pristine case in the left side plot
in each figure. Most importantly, as the vertical red-dashed
line represents the Fermi levdl{), and it is crucial to notice
that the boron substitutional atom acts gs-tgpe impurity,
as expected. This is because the boron atom has only three
valence electrons, leaving one acceptor energy level precisely
at Er. In the next three plot-set of Fig. 4, thetype impu-
rity nature of the nitrogen atom arises because its five valence
electrons complete the carbon chemical bonds, leaving an un-
bound electron. Finally, for the single silicon substitutional
atom, which has the same valence as the carbon atoms, it does
not act as:- or p-type impurity, as can be clearly seen from
the DOS results. However, it does induce local deformations
as well as changes in the HOMO-LUMO in comparison with
the pristine cases. The presence of a single doping impurity
can inducen- or p-type nature to the GQD.

Figure 5 shows thee, optical response for the
C,n—1H, S, system, considering boron, nitrogen and silicon
substitutional atoms9,) with the same set ofi, n) pairs as
those reported in Fig. 4. Here, we present the imaginary part
of the dielectric function to observe the effect of the substi-
tutional impurities on the system, considering polarized light
in the z- and y-direction, as well as the effect of the GQD
size. In the first plot of Fig. 5 we presesyt, with z-direction
(black solid line) and;-direction (red dashed line) polarized
light for the GysH.4B system. We can naotice that, in com-
parison with the pristine case (see left column of Fig. 2),

C,H, B L Costly N L CostySi
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larger atomic number, it increases the interatomic distance, EEY) E@) B@)

slightly modifying the central hexagon. However, in all Fgures5. Imaginary part of the dielectric function, considering
cases, the substitutional atom impurities are in the same plargdy-direction polarized light, for G,_1H, S,. Here,S, stands

as the carbon atoms.

for the substitutional atom (B, N,and Si).
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it exhibits its first maximum at approximately 1.25 eV, coin-
ciding with the highest peak in the figure, indicating that the
optical response for energies less than 1 eV are completely at
tributed to the impurities. Also, the asymmetry in the hexag-
onal C,,_1H,, S, GQD, as can be seen from Fig. 3, induces
small changes in, for polarized light in different directions,
and we can easily observe that thedirected optical response
(red dashes line) is most intense thatthdirected one, at an
energy about 0.75 eV. The same holds for the nitrogen atom
case (G@gs5H24B), but thees; main peaks has higher values.
Finally, in the last plot of the same line, that deals with the
silicon doping impurity, we can see that there issp@ptical
response for energies less that the pristine main peak (abou
1.25 eV) because, as the DOS results exhibits, this impurity
does not act as an- or ap-type impurity, just slightly di-
minishes the HOMO-LUMO energetic distance. In the same
fashion, as the quantum dot size increases, the behaviour i
analogous, but the, optical response experiences a redshift, ©
in accordance with the DOS results in Fig. 4.

3.1.2. Hexagonal GQD with two substitutional impurities

In this section, we discuss the effect of considering a sec-
ond substitutional atom in the,C 5H,, S,, GQD. HereSa,  igyre 6. Relaxed structure for the hexagonalBlz4Sis GQD,
represents two substitutional (B, N, Si) atoms, with one 0fyith sj atoms located at: a) depicted random positionsrtijo-,
them in the GQD's central hexagon and the second one at &) meta, and d)para-directors. In the bottom plot, the side view
arbitrary position, as well as in th@rtho-, meta, andpara- for the ortho-director configuration is shown.

position within the same central hexagon. For this study, we
exclusively focus on the &H,, GQD system because one are close to that of carbon. Therefore, depending on the loca-
(S.) and two ,,) substitutional atoms constitute roughly tion of the doping impurities and the electronic configuration
1% and 2% of the 96 carbon atoms in the structure, that caaf the substitutional atom, as reflected in the their respective
be considered a low impurity percentage. atomic number, the local lattice distortion and optoelectronic
Figure 6 shows the relaxed structure for the hexagonaproperties will be affected.
Cy4H24Si; GQD and 7 its correspondingly HOMO-LUMO Figure 7 represents the HOMO and LUMO isosurfaces
isosurfaces. In Fig. 6a), one Si atom is located in the cenfor the case of double silicon substitutional atoms reported
tral hexagonal ring, and the other one in positioned arbitraryin Fig. 7. In all the reported configurations, the HOMO and
and there is no significant deviation from the hexagonal latLUMO distributions are concentrated mainly on the silicon
tice shape. In Fig. 6b), we show the relaxed system with twa@toms. For the random position case, see Fig. 6a), we can
Si atoms inortho-director position, and significant local de- observe that both HOMO and LUMO are distributed with tri-
formations can be observed. There appears to be an apparemgular shape for the silicon atom near the center of the GQD
overlap of the two Si atoms, which, of course, is not possiblebut, not in this way for the one near the GQD boarder. The
However, the side view in the-direction, shown in the bot- ortho-director configuration is the most interesting one, at
tom plot of the figure, clarifies that the Si atoms depart fromleast for this substitutional atom, because as the silicon atoms
the plane with a Si-Si distance of 256 This deviation can leave ther — y GQD plane, the HOMO and LUMO distribu-
be explained because the Si atom is much largee=(14)  tions are strongly located along the Si-Si line, as can be seen
than the C atomsz(= 6), and the electrostatic repulsion of in thez-side view reported in the bottom plot of Fig. 7. The
their nuclei induces this effect. In Fig. 6¢), we represent thenetadirector HOMO distribution exhibits more charge car-
metadirector position, which causes local deformations inrier density than the LUMO distribution, which is even more
the hexagon but maintains the atoms in the same plane as theticeable in theara-director configuration.
C atoms. Figure 6d) shows tipara-director position for sil- To analyze the effect on the density of states of double
icon atoms, which also remains in the same plane than thieoron, nitrogen and silicon substitutional atomg,(Jocated
C atoms but locally deforms the central hexagonal ring. Theat randomprtho-, meta, andpara-director positions on the
same applies to B and N substitutional atoms, although thegentral hexagon of the, & -H,,S,, GQD system, in Fig. 8,
are not depicted here. In both cases, even inttteo-director 9 and 10, we present the corresponding density of states
position, the atoms remain in the same plane as the carbdor all the studied configurations. The four plots in Fig. 8
ones, mainly because their corresponding atomic numberscorrespond to the pristine and boron substitutional atoms

Rev. Mex. Fis70041601
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CosH24B, doped GQD, with substitutional atoms at random,
ortho-, meta, andpara-director positions.

H

el Ll b
t:/\NW\ ML MMM/\N\AM/\AM ;
@ o M /\im /\Am/dv\AT/nAOW\:E

FIGURE 9. Density of states for the hexagonabdBlz4 and
FIGURE 7. HOMO and LUMO isosurfaces representation for the CosH24N, doped GQD, with substitutional atoms at random,
hexagonal G4H24Si» GQD, with Si atoms located at: depicted ortho-, meta, andpara-director positions.
random positionsprtho-, meta, and para-directors, as reported
in Fig. 6. lar orbital (LUMO) -considering the hole state as an interme-

diate level-, has a Gaussian-like state shape at about 1.15 eV.
of Co4H24B2 GQD, from top to bottom. Regardless of the For theortho-director positions, the LUMO splits into two
positions of the two boron substitutional atoms, an unoccupeaks, while for thanetadirector positions, the peak posi-
pied state very close to the highest occupied molecular orbitdlon recedes further, increasing the HOMO-LUMO energy
(HOMO) appears, indicating thetype nature of the boron difference, and this has a sharp shape. Finally, foptma:
doping atom, which is located to the right of the Fermi level.director positions of boron substitutional atoms, it becomes
Regarding the density of states (DOS) for the two differentsplited once again.
positions of boron substitutional atoms, we can observe that, In Fig. 9, corresponding to pristine and nitrogen substitu-
in general, the DOS shape importantly depends on the boraiibnal atoms in the hexagonahgH.4No GQD, they clearly
atom'’s positions. For instance, for the random substitutionahct asn-type doping impurities because we can see an occu-
atom position configuration, the lowest unoccupied molecu-pied state located to the left of the Fermi level energy, very

Rev. Mex. Fis70041601
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E-E.(V) light polarization inz- andy-directions, with B, N, and Si substitu-

tional atoms at randonortho-, meta, andpara-director positions.
FIGURE 10. Density of states for the hexagonabdEl24 and
Co4H24Si, doped GQD, with substitutional atoms at random, |egs than 1 eV, which are entirely due to the doping effect.
ortho-, meta, andpara-director positions. The first peak is most intense fordirection polarized inci-

. dent light, while for the second one, thalirection polarized
close to the LUMO state, with the lowest HOMO-LUMO en- incident light predominates. We can also mention that the

ergetic distance reported for tbetho-director configuration. . . : . -
Finally, in Fig. 10, we present the DOS for the,Els:Sis inaln peak splits for the case gfdirected polarized incident

- > ight only. When we focus on thmetadirector configura-
GQD for all the chosen substitutional atoms positions, as wel ion, the two peaks due to the doping effect are still present,

as the pristine case for comparison, and as expected becatﬁﬁ they are more intense than in the previous case, especially
the substitutional atoms belong to the same IVA group, ther?he one corresponding to thedirection polarized incident

atret nont} or p-_typle er|1ergf3f/ Iejtvzl.b ngweégr, tthe denhs_lt)r/] Of.l|ight. In comparison with the previous case, both peaks ex-
states snape Is clearly afiected by the st atoms, WhICh Wil ionca 5 redshift, and the main peak is divided for both

gventually mfluence the optical properties, as we will d'scusﬁncident light polarizations. Finally, within the same column,
in the following paragraph.

. h he | i  the dielectric f we report thepara-director positions for the double boron
. Figure 11 shows t € imaginary pa_rto the dielectric func-g, it tional atoms. It is easy to observe thatdhpeaks,
tion (g2) for CosH24S,, GQD, taking into account two (B,

. tutioral with z- andy-directed polarized incident light, recede further
N, and Si) substitutional atoms at randaortho-, meta, and .00 the original main peak, which occurs at approximately

parardirector positions. In the first line of the Fig. 11, we 1 55 o\ Fyrthermore, the main peak splits only when the in-
report the_ @HMS@ G,QD W',th B, N, and Si. We can Ob', cident light is polarized in thg-direction, as happens for the
serve a similar behavior as in the case of a single substitys .. Jirector configuration. In the case ofE,;N, GQD
tional atorfns, as rePO”Fd In E'g' 5, but h_eﬁei)(h'b'ts m?re we observe a similar, behaviour for theortho-director po-
structure for energies less than 1.0 eV in the case of boroRyions byt ther- andy-direction peaks behaviours are inter-
and nitrogen substitutional atoms. When we compare doublg,,nqeq. For thenetadirector configuration, the main peak
andksmg:]e Si supsntutlonr?l atomr?, WF can see Ia Iowfer mha'gplit is completely analog for both incident light polariza-
pﬁa wit tv(;/o Si at‘?’T‘S t anf_wn only one, at least for th €tions, but the peaks due to the substitutional atoms are also
chosen random position configuration. We must stress hefgyochanged. Finally, in the case of Si substitutional atoms,
that t'hex-'(bl'ack sqlld Iln.e) anq;-dlrect]on (red solid line) CosHa4Sh GQD, the imaginary part of the dielectric func-
polarized incident light dielectric function dependency does[ion’ with z- andy-directed polarized incident light, exhibits

not reflect noticeable peak shifts but rather small di1‘ference§hanges in width and height depending on the substitutional

In intensities. atom’s position as well as on the incident light polarization,

Most importantly, the analysis of the double substitu-p + without any optical response duerteor p-type doping,
tional atoms abrtho-, meta, andpara-director positions is 55 seen for boron and nitrogen.

crucial, as reported in columns for eacl), $ase in Fig. 11,

consideringz- (black solid line) andy-directed (red solid

line) polarized incident light. For instance, in the first col- 4, Conclusions

umn of Fig. 11, we present the imaginary part of the dielec-

tric function for the G4H»4B2 GQD. We can observe that for In this paper, we reported the density of states for a hexag-
theortho-director positiore,; exhibits two peaks for energies onal graphene quantum dot, as we increased the system size

Rev. Mex. Fis70041601
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for the pristine case, as well as the effect of single and douthe boron and nitrogen substitutional atoms. When double-
ble substitutional atoms of boron, nitrogen and silicon. Wedoping atoms are considered for the analysis of the imaginary
can conclude that as the GQD increases, the HOMO-LUMart of the dielectric function, we reported a well differenti-
energetic distance decreases. The boron atom acidyg®e  atede, function shape, with clear anisotropy for and y-
doping impurity, and the nitrogen atom acts gstgpe one, directed polarized incident light. We propose that this can be
for both single and double substitutional atom configurationsused to clearly determinate the type of substitutional atoms
The silicon atom slightly affect the DOS structure, but whatand their positions from optical measurements.

is most important is the fact that only tleeto-director po-

sitions push the silicon atoms out of the plane, that can be

useful for eventually docking other molecules onto the sysAcknowledgements

tem. From the imaginary part of the dielectric function re-

sults, in the case of single substitutional boron, nitrogen andé. M. Méndez-Maiihez acknowledge to CONAHCYT for
silicon atoms, we found that as the system size increases fiie scholarship grant 935331. J. C. Maez-Orozco ac-
gives a small but noticeable effect on the peak intensitieknowledge to CONACYT-SEP Ekico for the partially finan-
for z- andy-directed polarized incident light, specially for cial support through the project number A1-S-8842.
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