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First-principles study of Oz molecule adsorption on pristine,
N, Ga-doped and -Ga-N- co-doped graphene

Abstract. The adsorption of O3 molecules (ozone) on graphene, N-doped graphene, Ga-doped graphene, and
-Ga-N- co-doped graphene with an emphasis on O3 detection was examined in this work. The physical char-
acteristics of -Ga-N-co-doped graphene are significantly altered upon O3 adsorption, which makes it a suita-
ble choice for O3 detection molecular sensors. The interaction between the O; molecule and the adsorbent is
explained on the basis of their adsorption energy, adsorption distance and charge transfer. It was found that
the adsorption of ozone molecules on the -Ga-N- co-doped graphene was more favorable in energy than that
on the pristine one, representing the superior sensing performance of -Ga-N- co-doped system. In our work,
we estimated the charge transfer between the O3 molecule and doped graphene nanostructures based on
Mulliken population analysis. The calculated adsorption energy value shows the ozone molecule more firmly
adsorbs on the surface of -Ga-N- co-doped graphene nanostructures (E,gs = —1.74 eV) than that of pristine
graphene (Egs = —0.41 eV), deriving from a stronger covalent bond between the ozone molecule and the -Ga-
N- co-doped graphene nanostructures. Our findings thus suggest that -Ga-N- co-doped graphene could be a
highly efficient gas sensor device for O3 detection in the environment.

Keywords: graphene, O3 adsorption, density functional theory, N-doped graphene, Ga-doped graphene, -Ga-
N- co-doped graphene, gas sensor, graphene-based sensors.

Introduction

Environmental pollution is a major concern today due to the increasing number of industrial processes,
vehicle exhaust, electronic devices, and human activity, which has led to an urgent need for sensors that are
sensitive, responsive, selective, and easy to recover. Sensing gases involving Os is crucial for improving
home security and keeping the environment healthy, as well as for regulating emissions from vehicles and
industries.

Ozone (0O,) is a molecule made up of three oxygen atoms [1], the color is colorless to pale blue. The
odor of ozone is pungent and highly flammable. Ozone is found in different layers of the Earth's atmosphere.
The majority of ozone resides in the stratosphere. Ozone is a protective layer that shields against harmful
ultraviolet radiation hitting the earth. However, the ozone layer we breathe at ground level is dangerous. It
forms through chemical reactions between oxides of nitrogen (NO,) and volatile organic compounds (VOC)
in the presence of sunlight [2]. It can have harmful effects on human health, causing respiratory problems. It
also has detrimental impacts on vegetation and ecosystems. Therefore, various types of sensors, including
graphene-based sensors, are used to measurement of a sensor response to ozone [3, 4].

Graphene-based sensors operate on the principle that the electrical conductivity of graphene can be in-
fluenced by the presence of certain gases, including ozone. When ozone molecules come into contact with
graphene, they can either donate or accept electrons, leading to changes in the electrical properties of the
graphene. This change in conductivity can be measured and correlated with the concentration of ozone in the
surrounding environment [5].

Since the graphene discovered by brilliant and curious scientists as Andre Geim and Konstantin
Novoselov, the area of two-dimensional (2D) nanomaterials have undergone rapid development, owing to
their potential applications in various fields. Applications covered include: electronics [6], optoelectron-
ics [7] and sensors [8], coatings [9], adhesives [10], lubricants [11], energy storage [12] and energy genera-
tion [13, 14] composites [15] and plastics [16], membranes [17] and filtration [18], life science [19] and bio-
medicine [20], construction materials [21], 3D printing/additive manufacturing [22] and much more.

Graphene nanostructures are very sensitive to many surface atoms because their two-dimensional struc-
ture means the entire material volume acts as a sensor surface. This makes them sensitive to external envi-
ronments, such as temperature, electrical signals, chemicals, magnetism and biological agents [23-27]. Be-
sides, to its sensitivity, graphene provides excellent mechanical strength, flexibility, thermal and electrical
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conductivity, and compactness. Properties that make graphene attractive for sensor applications: ultra-high
charge mobility, transparency, non-toxicity, high-tensile strength, high thermal conductivity, multi-
functionality. The technique that graphene devices function as gas sensors is based on how surface
adsorbates, which have specific adsorption sites and a chemical structure that makes them either donors or
acceptors, change the electrical conductivity of the device [28, 29].

Graphene, graphene oxide (GO) and their related modified nanomaterials exhibit superior performances
in the adsorption of environmental pollutants [30]. Despite its remarkable properties, graphene does have
some drawbacks, and doping can address these limitations. Pristine graphene lacks a band gap, which can
limit its use in certain electronic applications. Doping can be employed to open a band gap and make it more
suitable for electronic devices, such as sensors. Also, doped graphene can exhibit enhanced sensitivity in gas
sensing applications. Presently, a large number of studies reported on graphene doping to enhance electronic
properties, where researchers introduce foreign atoms into the graphene lattice by replacing carbon at-
oms [31-34]. The toxic gases were often found to have adsorbed more strongly on doped graphene than on
pristine graphene, based on the adsorption energies of the gases. This suggests that doped graphene sheets
would make effective toxic gas sensors [35]. We choose nitrogen as a representative dopant in graphene de-
pending on the dominant type of nitrogen functional group in which the planar nature of graphene is not dis-
turbed. In comparison to a carbon atom, a nitrogen atom contains one additional electron and is similar in
size [36], which is close to that of the carbon atom. Additionally, atoms of nitrogen and carbon can combine
to create strong bonds [37]. A more stable structure may emerge in this way. We have also considered galli-
um (from group I11A) atom. It is known that replacing a carbon atom in graphene with gallium is a useful
way to improve the electronic properties sensing ability [38]. The advantage of choosing gallium as a poten-
tial dopant metal is its weak chemical interaction with graphene, which preserves the integrity of the
graphene lattice. Multiple heteroatom co-doping has gained popularity recently because it gives an original,
synergistically connected electronic structure. In an interesting study conducted by [39] the electronic prop-
erties of graphene has been tuned by nitrogen and sulfur co-doping with appropriate doping atom concentra-
tion. In another study by X. Yan and co-authors [40] have been investigated multiple transition metal atoms
co-doped with graphene in different doping ways to study the effect on SO, gas. The results indicate that
both Ti-doped as well as Co and Ti co-doped graphene are ideal for SO, sensors. Recently, our study [41]
have examined that the addition of gallium and nitrogen atoms drastically changes the electronic structure of
graphene and may be a good candidate for sensing this toxic gas SO,. However, only a few reports about the
-Ga-N- co-doping effect on the electronic properties of graphene. Therefore, in this paper, we also suggest to
evaluate the adsorption behavior of -Ga-N- co-doped graphene.

It is thought that atomic-level awareness of condensed matter characteristics may be achieved by cut-
ting-edge computer simulations. In the simulation, a real system has been created and its attributes are ex-
plored by the simulator. Research using simulations is analogous to experiments in numerous ways. On the
other hand, full control over the experimental configurations and detailed access to findings are made possi-
ble because of simulations. These advantages make it possible to calculate first-principles material properties
in light of the fundamental physics outlined in the Schrédinger equation without free parameters [29].

In materials science, density functional theory (DFT) has become a powerful tool for tackling a variety
of issues [42]. DFT is today the most widely used method to study interacting electrons, and its applicability
ranges from atoms to solid systems, from nuclei to quantum fluids. In the literature on DFT, the importance
of computational approaches for 2D materials research is studied [43]. When it comes to doping graphene,
density functional theory calculations play an increasingly important role in predicting and explaining the
effects of doping on the electronic and structural properties of graphene-based materials. DFT calculations
can be used to determine the binding energies between graphene and dopant atoms. This information is valu-
able for assessing the strength of the interaction and stability of the doped graphene system. DFT predictions
guide experimentalists and researchers in designing and synthesizing doped graphene materials with desired
electronic properties. This helps to save time and resources by narrowing down the search for optimal doping
strategies.

For literature review, we reviewed different works related to adsorption of ozone molecule. Almost 20
years ago, researchers (2004) reported the feasibility of CNT film as an ozone sensor through first-principles
calculations, centred around the interaction of O3 with carbon nanotubes (CNTSs) [44]. Moreover, in another
research, ozone (O3) adsorption on pristine Stone—Wales (SW) defective BC3 graphene-like sheets was in-
vestigated using density functional calculations and it was found that Os is weakly adsorbed on the pristine
sheet [45]. The study of M. Vahdat and co-workers [46] reported about mechanistic insights on functionali-
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zation of graphene with ozone. Their calculations highlights that O3 is extremely attractive to functionalize
graphene even at room temperature.

However, as far as we know, Ga-doped graphene and co-doped graphene by gallium and nitrogen atoms
have not been reported for adsorption of O3 molecule. In this work, the adsorption of Oz molecule on the sur-

face of pristine, N- and Ga- and co-doped by -Ga-N- graphene has been calculated using the state-of-the-art
DFT simulation. The charge transfer between them and the density of states of the systems were studied in
order to determine their interactions. This study is our starting point for future theoretical and experimental
studies. We hope that it would be helpful for the both experimental and theoretical research groups that have
been working on the development of graphene based sensors.

Computational details

All calculations have been carried out using spin unrestricted DFT framework as implemented in Dmol®
module [47] to study the interactions between the O; molecules and pristine, N-doped graphene, Ga-doped
graphene and -Ga-N- co-doped graphene. It is widely recognized that simulations limited to the local density
approximation (LDA) underestimate equilibrium distances and overestimate bond energy E, [48]. Therefore,
we used the generalized gradient approximation (GGA) for improving the total energy, atomization energy
and energy barrier. The Perdew-Burke-Ernzerhof (PBE) functional within GGA was taken to describe the
exchange—correlation interaction [43, 49]. The DFT semi-core pseudopotential (DSPP) for core treatment
with double numerical basis set plus polarization (DNP) basis set have been employed [50]. To ensure that
the results of the calculations were comparable, identical conditions had been employed for graphene, the
nitrogen doped graphene, the gallium doped graphene and also graphene co-doped by gallium and nitrogen
system. The energy tolerance, maximum force and displacement convergence were set at 2x10° Ha,
0.004 Ha/A and 0.005 A respectively. The smearing technique was applied to the occupied orbitals with a
smearing value of 0.005 Ha (1 Ha = 27.2114 eV). And a real space global cut off radius of 4.5 A was em-
ployed. The Mulliken charge analysis computing procedure is used to find out the charge transfer values be-
tween the substrate and adsorbate.

To understand the interaction between the O; molecule and four systems, the adsorption energy was
calculated by equation

Eads = Egraphene+gas - Egraphene - Egas ) (1)
where E. e, 1S the total energy of graphene with adsorbed molecule, E ... is the total energy of
graphene, E is the total energy of the molecule.

Results and Discussion

Properties of the Structure: We start first calculating with the geometric structure of Oz was optimized
to their steadiest configuration before studying their adsorption. Figure 1 displays the structure, and the in-
formation of bond lengths and angles are shown in Table 1.

Figure 1. Structures of molecule O

Table 1
Structural parameters of structure

Gas molecule Bond Length (A) Angle (°)
0, 0-0 1.27 116.8

Geometry of Pristine Graphene and Doped Graphene: The optimized structure of graphene consists of
50 C atoms. The final configuration is shown in Figure 2. The C—C bond length calculated after optimization
is found to be 1.42 A, which agrees well with previous reports [51, 52].
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Figure 2. Relaxed geometries of 5x5 supercell of pristine graphene (a), where the carbon atoms are shown in grey
and nitrogen-doped graphene (b), where the nitrogen atom is shown in blue; gallium-doped graphene (c),
where the gallium atom is shown in pink; graphene co-doped by gallium and nitrogen atoms (d)

Adsorption of O3 on Pristine Graphene: After that, we investigated the configuration of the O; molecule
adsorbed on pristine graphene. The optimized structure for the adsorption of the O3z molecule on pristine is
shown in Figure 3. After optimization, the ozone molecule is positioned parallel above the graphene plane.
The corresponding geometrical parameters, the adsorption parameters, and the charge transfer of the
graphene + gas system are listed in Table 2.

In fact, the O-O distance (=1.27 A) increases upon adsorption. Meanwhile, it should be noted that the
optimized geometry of Oz molecules on pristine graphene and found physisorption of the molecules due to
the inert graphene surface. The results from other authors [46] agree with our results. This indicates that the
pristine graphene is insensitive to O; molecules.

Figure 3. The top view (a) and side view (b) of graphene + O3 system

Table 2
The detailed parameters of graphene+ gas system
Adsorption .
System Distance (A) Bond Length (A) Bond Angle (°) E... (€V) Qr(e)
1.31(0;-0,)
Graphene +0O; 2.96 131 (0,-0y) 116.8 -0.41 -0.259

Adsorption of O3 on N-Doped Graphene: The carbon atom of graphene was replaced with the nitrogen
atom to find a highly sensitive nanostructure, and the new structure was optimized. The adsorption of the O3
molecule on N-doped graphene was studied, and the optimized geometry of the N-doped graphene+0O; sys-
tem is displayed in Figure 4. After optimization, the ozone molecule is positioned with a titled A orientation
above the graphene plane. The adsorption of the O; molecule on N-doped graphene is weak, so the interac-
tion was not affected by the doped nitrogen atom. The ozone molecule is found physisorbed at a distance of

3.07 A. Surprisingly, the energy adsorption between ozone molecules and nitrogen-doped graphene had a
higher value.
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Figure 4. The top view (a) and side view (b) of nitrogen-doped graphene + O3 system

Table 3
The detailed parameters of nitrogen-doped graphene+ gas system
Adsorption .
System Distance (A) Bond Length (A) Bond Angle (°) E... (eV) Qr(e)
Nitrogen-doped 1.32 (04-0,)
graphene + O, 3.07 1.32(0,-0,) 116.4 -0.73 -0.404

Adsorption of O; on Ga-Doped Graphene: The optimized geometry for the Ga-doped graphene + O3
system is displayed in Figure 5. In this case, the larger atomic radius of the Ga atom results in a bond length
value of 1.86 A, which is longer than the C—C bond length in pristine graphene. The data conforms properly
with the earlier report [53]. The corresponding distance between the O; molecule and Ga atom in the Ga-
doped graphene is shorter than in the pristine graphene system. Moreover, the adsorption energy of the O;
molecule in the Ga-doped graphene system is slightly larger than that of the O; molecule in the pristine
graphene system. Furthermore, to investigate the changes in electronic structures in graphene caused by the
physical or chemisorption of O; molecules, the net electron transfer (Q) from either the pristine or the Ga-
doped graphene to the O3z molecules was by Mulliken analysis, where Qr is defined as the charge variation
caused by the O3 absorption. The Mulliken atomic charge analysis of the structure shows that charge trans-
fers from doped graphene sheets to Oz molecules. The electron transfer in the Ga-doped graphene is slightly
larger than in the pristine graphene. The results, as shown in Table 4, indicate that graphene doped with gal-
lium atom is much more sensitive to adsorption of molecule. This supports the notion that Ga doping influ-
ences the electronic properties of graphene substantially.

Figure 5. The top view (a) and side view (b) of gallium-doped graphene + O3 system

Table 4
The detailed parameters of the Ga-doped graphene+ gas system
Adsorption .
System Distance (A) Bond Length (A) | Bond Angle () E. (&V) Q- (e)
i 1.36 (0;-0,) i i
Ga-doped graphene +0; 2.01 1.38 (0,-05) 107.5 0.54 0.48

Adsorption of O; on -Ga-N- co-doped graphene: Three different positions of the O; molecule on the

-Ga-N- co-doped graphene were taken into consideration to investigate the adsorption behavior of the O3
molecule and find the most favorable position: the bond-bridge (B-site), the center of the hollow (H-site),
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and the center of the top (T-site). The optimized geometries with adsorption distance of all configurations
were illustrated in Figure 6. For all configurations, the negative adsorption energies were found which indi-
cate an attractive interaction between the ozone molecule and graphene co-doped by gallium and nitrogen.
All adsorption sites of the O; molecule are preferred to adsorb with —1.46 eV, —1.74 eV and —1.49 eV at a
distance 1.84 A, 1.95 A and 1.86 A from the -Ga-N- co-doped graphene, respectively. The adsorption ener-
gies depend on the interaction distance. The adsorption energy is greatly increased with the reduced of inter-
action distance between the O; molecule and -Ga-N- co-doped graphene. This indicates that the adsorption
site (H-site) shown in Figure 6 (c—d) is the most stable position with the strongest interaction between the O;
molecule and graphene co-doped by gallium and nitrogen. The 0zone molecule is positioned with a titled A
orientation above the graphene co-doped by gallium and nitrogen. Based on adsorption energy values in Ta-
ble 5, the ozone molecule has more interaction with co-doped graphene by gallium and nitrogen atoms.

Figure 6. The top view (a) and side view (b) of -Ga-N- co-doped graphene+O5 system in the B site;
the top view (c) and side view (d) of -Ga-N- co-doped graphene+O; system in the H site;
the top view (e) and side view (f) of -Ga-N- co-doped graphene+0O; system in the T site.

Table 5
The detailed parameters of the -Ga-N- co-doped graphene + gas system
Adsorption | Adsorption | Bond Types Bond

System Site | Distance (A) (A) Bond Length (A) | 1oy | Bas V)| Qr(©)
1.96 1.24 (04-0,)

B 1.84 (Ga-N) 161 (0,-00 1116 -146 |-0.468
-Ga-N- co-doped 2.03 1.36 (0;-0,)

graphene +0; H 1.95 (Ga-N) 141 (0,-Oy) 107.2 -1.74 | -0.53
1.95 1.27 (04-0,)

T 1.86 (Ga-N) 156 (0,-O5) 113.6 -1.49 |-0.504

Before optimization, the bond length between gallium and nitrogen atoms was 1.420A. Meanwhile, due
to the co-doping of the Ga and N atoms, the stress of the two C atoms around it in the system changed, caus-
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ing them to move away from their original positions. For instance, B site: C;-Ga=1.892 A,
C,-Ga=1.891 A. We found that the bond length of Ga-N was 1.967 A, while the angles of C;-Ga-C,,
C,-Ga-N, and C,-Ga-N were 96.8°, 92.3° and 91.8°, respectively. H-site: C;-Ga = 1.911 A, C,-Ga = 1.911 A.
We observed that the bond length of Ga-N was 2.027 A, while the angles of C;-Ga-C,, C,-Ga-N, and
C,-Ga-N were 99.6°, 88.8° and 88.7°, respectively. T-site: C,-Ga = 1.885 A, C,-Ga = 1.887 A. In this posi-
tion, we found that the bond length of Ga-N was 1.956 A, while the angles of C;-Ga-C,, C,-Ga-N, and
C,-Ga-N were 94.6°, 92.9° and 92.5°, respectively. As seen in Table 5, we found that all initial B, H, and T
configurations are almost changed. After optimization, the configurations do not keep their original adsorp-
tion site. The results of the adsorption energy indicate that the absorption on the H site is the most stable con-
figuration, and the stability order isH > T > B.

Summary and Conclusions

In summary, in this work, we conducted a study based on density functional theory (DFT) calculations
to investigate of adsorption ozone molecule on pristine, N-, Ga-doped graphene, and -Ga-N- co-doped
graphene. The adsorption geometries, adsorption energies, and charge transfer analysis are obtained. The O;
molecule showed physisorption on pristine graphene with low adsorption energies and little charge transfer,
which suggests that the unmodified graphene material. The adsorption of Oz on the N-doped graphene was
slightly stronger, which had an adsorption energy of (—0.73 eV) and little charge transfer. The adsorption
energy of O3 on the Ga-doped graphene (—0.54 ¢V) was much lower than on N-doped graphene. The N dop-
ing improved the interactions between the gas, while the Ga doping had no significant effect on the interac-
tions. In particular, the Ga doping of graphene significantly enhanced the adsorption of ozone molecules
relative to pristine graphene. However, -Ga-N- co-doped graphene demonstrates high adsorption energy to
ozone molecules (adsorption energy of —1.74 e¢V) that corresponds to the chemisorption. Thus, -Ga-N- co-
doped graphene is of great interest for gas sensing applications since it has stronger interactions with the O3
molecules than other structures discussed in the paper.
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V. bumn, I.C. Axmercanpik, A.M. Unbun, M.A. Tynerenosa

Ta3za rpadenne, N, Ga :xone -Ga-N- k0ca jerupJieHreH rpagenae
O3 Mos1eKy1aChIHBIH aCOPOUMACHIHBIH AJIFAIIKBI IPUHIMIITEPIH 3epTTEY

Maxkanana O3 MonekynacbHbIH (030H) rpad)eHre, a30TIeH JIETUpIIeHIeH rpadeHre, rauIMiMeH JerupieHreH
rpadenre xoHe -Ga-N- koca nermpneHreH rpadeHre ancopOUUsCH 3epTrenreH. ['padeHre, a30THEH
JIETUpJIEHTeH TpadeHre, raJulMiiMeH JernpiieHreH rpadenre xoHe -Ga-N- koca nerupienred rpadenre Oj
azcopOumsichl (pM3MKANBIK KAaCHeTTEpiH adTapiblKTail esrepyiHe okeneni, Oyi1 oHsl O3 MOJEKyJIachlH
aHBIKTay MAaKCATBIHIAa MOJIEKYJIAIbIK CEHCOpJIap YIIIH NepCcleKTHBTI yMiTkep erteni. Oz Molekymacsl MeH
a7icopOeHT apachIHIAFEl ©3apa 9PEKeTTeCy OJIApABIH aJCOPOLMSIIBIK SHEPTHSCH, aJCOPOLUS KAIIBIKTBHIFBI
JKOHE 3apsATHIH TackIMagaHybl HerisiHae Tycinaipineni. O30H MonekynachiHblH -Ga-N- Koca neruprieHrexn
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rpadenre ancopOuUMACH Taza rpadeHre KaparaHaa SHeprus OOMbIHIIA KOJIAWJIBI €KeHI aHBIKTal[bl, OyJ
-Ga-N- Kkoca serupieHreH >XyHeHiH »OFapbhl CEHCOPJBIK CHIATTamanapelH Oimmipeni. Ocbl KyMbIcTa
MaikeH NONyJSIIMACBHIHBIH TaijayblHa HerizgenreH Oz MoJeKylackl MEH JICTHPICHTeH rpadeH
HaHOKYPBUIBIMJIapB! apachIHAAFE! 3apsSATHl TackMaiay Oarananrad. O30H Mosekynackl MeH -Ga-N- rpaden
HaHOKYPBUIBIMJIapHI apachIHAFb! KYIITI KOBAIICHTTIK OalJIaHBICTaH TYBIHIAUTHIH aicopOIHs SHEPT USACHIHBIH
ecentenred MoHI Taza rpadenre (Eu,s=-1,74eV) xaparanma -Ga-N- Koca nermpieHreH rpadeH
HaHOKYPBUTBIMIApBIHEIH (Eqqs = —0,41 eV) Geringe Kymripek agcopOnusulaHaThIHBIH kepceTeni. Ocbutaida,
6i3niH HoTIOKeepiMi3 -Ga-N- koca nerupnenre rpageHMen Kopiuaran opragarsl Oz aHBIKTAy YIIIH )KOFaphl
THIMJIi Ta3 CEHCOPHI KYPBUIFBICH O0JTybl MYMKiH €KEHIH KOpCeTei.

Kinm ces0ep: rpaden, Oz ancopOLMACH], THIFBI3ABIKTEIH ()YHKIMOHAIIBIK TEOPHACHI, a30TICH JICTHPICHIeH
rpaden, rawmiimer jnerupiaenredH rpaden, -Ga-N- koca neruprnenreH rpadeH, ra3 ceHcopsl, rpadeH
HETI3iHIET] ra3 CEHCOPHI.

I.V. bunn, I.C. Axmercaabik, A.M. Unbun, M.A. TynerenoBa

HccienoBanue nepBbiX NPUHIHUIIOB agcopOuun Mosekyabl O3 Ha yncToM rpademe,
JerupoBanHoMm N, Ga, u -Ga-N- co-j1erupoBannom rpadgene

B cratpe nccnenoBana agcopOmms Monekyiasl O3 (030HA) Ha rpadeHe, JeTUPOBAaHHOM TpadeHe ¢ a30ToM, Ha
nerupoBaHHOM Tpadene ¢ rawmeM u -Ga-N- co-nerupoBanHoM rpadene ¢ akueHToM Ha oOHapyxkenue Os.
Ancop6uus Oz Ha Tpadere, JerupoBaHHOM rpadeHe ¢ a30ToM, Ha JISTHPOBAaHHOM rpadeHe ¢ rammem u -Ga-
N- co-nerupoBaHHOM rpadeHe NMPUBOIUT K 3HAYMTEILHOMY M3MEHEHHIO (DM3MYECKHX CBOWCTB, YTO JENaeT
€ro MepCHEeKTUBHBIM KaHIUIATOM JUI1 MOJIEKYJSIPHBIX NaT4nkoB ais oOHapyxeHus Os;. B3anmonelicTBne
Mexxy Moiekynoii Oz m amcopOeHTOM OOBSCHSIETCS HAa OCHOBE MX OSHEPTHH aacopOLUH, pPacCTOSHUS
ancopbuuu U mepeHoca 3apsana. beuio oOHapyxeHO, 4To ajncopOuust Monekynsl o3oHa Ha -Ga-N- co-
JIETHpOBaHHOM rpadeHe Obuta OoJiee GIarONPHUATHON M0 SHEPIHH, YeM Ha YUCTOM, YTO HPeJCTaBIsieT coOon
HPEBOCXO/IHBIE CCHCOPHBIC XapakTepuCTUKU -Ga-N- co-nernpoBaHHo# cucrembl. B Hactosiel padote ObuT
OLICHEH ITIEPeHOC 3apsija Mexay Moiekyinoi Oz M JIeTMpOBaHHBIMH HAaHOCTPYKTYpaMH rpad)eHa Ha OCHOBE
aHaIM3a NOMy MY MautikeHa. PaccynTaHHOE 3HAUCHHUE SHEPTUH aiacopOLMU MOKa3bIBaeT, YTO MOJIEKYJa
030Ha 0oJiee MMPOYHO ancoOpOUpPYeTCs Ha IMOBEPXHOCTH HAHOCTPYKTYp TpadeHa, co-nerupoBaHHBIX -Ga-N-
(Eags = —1,74 eV), uem Ha unctom rpadene (Eygs = —0,41 eV), BoiTekas u3 6ojiee CHIIbHON KOBAICHTHOMN CBSI3U
Mexay Moiekynoi o3oHa M -Ga-N- co-nmermpoBaHHoro rpadena. Takxum o00pa3oM, HalllM pe3yJbTaThl
nokas3biBaloT, uTo -Ga-N- co-iernpoBaHHBIN TpadeH MOXKET OBITH BBICOKOI((EKTHBHBIM YCTPOHCTBOM
JaT4yrKa ra3a st ooHapyxenus Oz B OKpyKaroleit cpeze.

Kniouesvie crosa: rpaden, agcopouust Oz, Teopust pyHKIHOHANA TUIOTHOCTH, JISTHPOBAHHEIA a30TOM rpadeH,
JeTUpoBaHHbIN rawmeM TpadeH, -Ga-N- co-merupoBaHHbIi TpadeH, Ta30BBI CEHCOP, CEHCOPHI HA OCHOBE
rpadena.
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