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In this work, DFT modeling was carried out in order to establish the conditions necessary for the pro-
tonation of ammonia molecules on the silicon surface. Simulations have shown that for an energetically fa-
vorable protonation, three conditions are necessary: the fixing of NHs molecules on at least two OH-groups,
the participation of one water molecule, and the presence of a distant boron atom. In this case, the proto-
nation energy (decrease in the cluster energy after protonation) is Epr = 0.01 eV. Protonation occurs with
the simultaneous transition of two protons: one from the surface silane group to the H2O molecule and the
other from H20 to NHs. Such a transition leads to the formation of a positively charged NH4* ion and a
negatively charged ps-center (Si atom with a dangling bond). After that, the electron is transferred from
the py-center to the distant boron atom, and passivates it. Such passivation of acceptors by NH4* ions can
lead to a decrease in the concentration of free holes (and a decrease in conductivity) in p-type silicon. The
proposed model of NH3 molecules protonation can also explain the processes of surface-assisted laser de-
sorption/ionization (SALDI) of amino compounds. Free holes formed by laser radiation can recombine with
electrons localized on passivated boron atoms, i.e., remove their negative charge. After this, the desorption
energy of NHa* decreases from 3.67 to 1.05 eV, which is close to the experimental values for amino ions.
The simulation also showed that the absence of a distant boron atom significantly reduces the protonation
efficiency, Eproe=—0.50¢€V, since the negative charge is localized not at the distant boron atom, but at the
py-center located near NH4*. Significant Coulomb attraction between the NH4* ion and the charged ps-
center leads to a substantial displacement of the silicon atom, which is energetically unfavorable. The fixa-
tion of NH3 molecules on only one OH-group or the absence of water molecules also reduces the protonation
probability: the value of Epy.: in these cases is — 0.37 and — 0.08 eV, respectively. This can be explained by
the fact that H2O molecules and OH-groups create energetically favorable hydrogen bonds with the NH4*
ion and shield its electric field.
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1. INTRODUCTION

The creation and study of silicon structures as am-
monia sensors is an actual topic. In recent years, there
have been published experimental and theoretical
works on the effect of ammonia on the conductivity of
porous silicon (PS) [1-2], silicon nanowires (SINW) [3],
silicon with microstructured [4] and oxidized surface [5-
7]. In all the works devoted to this issue, it is mentioned
that the resistance of p-type silicon structures increases
in the NH3 atmosphere. At the same time, in the majori-
ty of works it is directly indicated that a change in the
p-Si resistance occurs only in the presence of water va-
por [8, 9]. Many authors tried to explain the mechanism
of PS and SiNW conductivity changes in the ammonia
atmosphere and the role of water molecules in this pro-
cess, but the proposed explanations were imperfect (a
detailed review of experimental data and theoretical
models of conductivity change can be found in [7]). In
[6, 7], we attempted to explain the above phenomena for
silicon structures with a substantially oxidized and hy-
droxylated surface. It was shown that a change in the
conductivity of oxidized silicon can be associated with
the protonation of the NHs molecule in the presence of
several water molecules. The proposed hypothesis also
made it possible to explain the mechanism of the SALDI
process for ammonia and molecules with terminal ami-
no groups, which also occurs only with the participation
of H20 molecules and surface OH-groups [10, 11]. But
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the explanation of the NH3 protonation mechanism pro-
posed in [6, 7] had certain disadvantages. In [6, 7], NH3
protonation was simulated only on the fully oxidized and
hydroxylated silicon surface, it could occur only with
simultaneous migration of three protons and was ener-
getically favorable only with the participation of five H20
molecules. In addition, the mechanism for changing the
silicon conductivity after NHs protonation in [7] was ex-
plained not too thoroughly. So, at present, the mentioned
issues are not fully elucidated in the literature [9]. In
[12, 13], it was shown that there is a long-range pas-
sivation of impurity boron atoms by surface ps-centers.
This allowed us to re-explain the process of ammonia
molecules protonation and changes in the conductivity of
p-type silicon structures in an NHs atmosphere.

2. RESULTS OF CALCULATIONS AND
DISCUSSION

A large rhombic cluster Sii7aHiis with a hydrogen-
ated surface was chosen as the basis for the simulation,
Fig. 1. The faces of the cluster were crystallographic
planes (111), which are the most stable and common in
PS crystallites [14]. Large cluster sizes (with the larg-
est diagonal of ~ 28 A) made it possible to simulate the
interaction between NHs and H20 molecules and ps-
centers located on the upper cluster face with an impu-
rity boron atom distant by ~ 20 A. Some hydrogen at-
oms of the upper face could be replaced by OH-groups,

© 2019 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
https://doi.org/10.21272/jnep.11(5).05024
mailto:fed.ptas@gmail.com

F. PTASHCHENKO

Fig. 1 — Model cluster Sii7aBH116(OH)2 with a boron atom and
two OH-groups on the upper face: side view (a), top view (b)

a high concentration of which on the PS surface was
recorded, for example, in [15].

The calculations were carried out in Gaussian 09
package [11] in a cluster approximation by DFT-method
with the exchange-correlation functional B3LYP. For
surface hydrogen atoms, OH-groups, adsorbed NHs, H20
molecules, Si atoms with dangling bonds (ps-centers) and
boron atoms inside the cluster, a basis 6-311++g (d, p)
with diffuse functions was chosen to simulate long-range
interaction and adsorption. To save computer time, other
atoms (shown in Fig. 1 with sticks) were modeled in the
6-31g (d, p) basis. The selected basis set and the calcula-
tion method showed good agreement with the experi-
ment for the geometric parameters of the cluster and the
adsorbed molecules. For example, the average value of
interatomic distances in a model silicon cluster was
0.237 nm and almost coincided with the known experi-
mental value of 0.235 nm.

The task of modeling was to ascertain the conditions
for the energetically favorable protonation of the NHs
molecule. In contrast to [6, 7], the source of the proton
in this model was a hydrogen atom, which did not be-
long to the distant silanol group, but to the nearest
silane group. Simulations have shown that for efficient
protonation, the fixation of the ammonia molecule on at
least two OH-groups, the participation of one water
molecule and the presence of a distant boron atom are
necessary. Fig. 2 shows a cluster with an NH3s molecule
before protonation (a) and after protonation (b). The
energy of a cluster with an unprotonated NHs molecule
was ~ 0.01 eV higher than with an NH4* ion (i.e., proto-
nation is energetically favorable). Protonation occurs
with the simultaneous transition of two protons: from
the surface silane group to the H20 molecule and from
H20 to NH3 (the corresponding transitions are shown in
Fig. 2a with blue arrows). Such a transition leads to the
formation of a positively charged NH4* ion and a nega-
tively charged ps-center. But the transition of an elec-
tron from a pe-center to a distant boron atom (that is, its
passivation) is energetically favorable. This is evidenced
by a change in the localization and energy of the lowest
unoccupied molecular orbitals (LUMOs). Before proto-
nation, the LUMO (like the highest occupied orbital
HOMO) was localized near the boron atom (Fig. 2a).
The LUMO energy was about — 5.06 eV, that is, it corre-
sponded to the acceptor level near the valence band top.
After protonation, the LUMO is already localized near
the neutral ps-center, and its energy rises by ~ 1 eV to
the value Erumo=—4.09 eV, that is, the acceptor prop-
erties of LUMO are lost. The HOMO does not change its
localization near the boron atom, the corresponding en-

J. NANO- ELECTRON. PHYS. 11, 05024 (2019)

ergy level also rises somewhat, and two electrons are
located on it. The energy level of an electron localized at
the ps-center is lower than HOMO. Consequently, in
this case, long-range passivation of the acceptor impuri-
ties occurs not by the distant ps-center, but by the NH4*
ion. This passivation is manifested in the fact that the
passivated boron atom no longer generates a free hole
(its negative charge is compensated not by a free hole
but by the NH4* ion).
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Fig. 2 — Model cluster SiizaBHi16(OH)2 with adsorbed NHs and
H20 molecules: before protonation (a), after protonation (b).
The figure also shows the form and energies of the molecular
orbitals of HOMO and LUMO and the Mulliken charge on the
NHs and NH4*

Long-range passivation of impurity boron atoms may
be responsible for a reversible change in the conductivity
of p-type silicon structures. After protonation of the ad-
sorbed NHs molecules and passivation of the impurity,
the conductivity of these structures decreases. It was
established experimentally that after p-PS is removed
from the atmosphere of humid ammonia, its conductivity
is restored [8, 9]. This can be explained by the processes
of deprotonation of the NH4* ion and desorption of the
neutral NHs molecule, which is accompanied by depas-
sivation of boron and the restoration of conductivity. The
neutral NH3s molecule can be easily desorbed, the calcu-
lated energy of its desorption is ~ 0.17 eV. Desorption of
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NH4* ions is very unlikely, since the energy required for
the separation of NH4* from a cluster with a negatively
charged boron atom is ~ 3.67 eV. Therefore, after proto-
nation-deprotonation processes, the formed ps-centers
disappear and no changes remain on the silicon surface,
hence the decrease in conductivity is reversible.

Another, irreversible process of ammonium ions de-
sorption is possible. In the SALDI process, a significant
amount of non-equilibrium charge carriers is formed by
laser radiation near the silicon surface. The resulting
free holes can recombine with electrons localized on
boron atoms, that is, remove their negative charge.
After this, the desorption energy of NH4* ions decreases
from 3.67 to 1.05 eV, which is close to the experimen-
tally obtained values of the laser desorption energy for
amino ions [10, 11]. In [10], in addition to the need for
SALDI surface OH-groups and water molecules, a sig-
nificant amount of surface dangling bonds after SALDI
is also indicated. This also indirectly confirms the pro-
posed NHs protonation model.

Fig. 3 illustrates the effect of various factors (the
presence of distant boron atoms, OH-groups, and Hz20
molecules) on the probability of ammonia molecule pro-
tonation. The figure shows fragments of a model cluster
with the NH4* ion (after NH3 protonation) and shows
the values of the protonation energy Ey.: (the differ-
ence between the cluster energies in the unprotonated
and protonated states). All the simulated cases can be
compared with the configuration considered above (two
OH-groups, one H20 molecule and a distant boron at-
om), Fig. 3a. The absence of a distant boron atom
(Fig. 3b) makes protonation in such a configuration
essentially energetically unfavorable (Epro: =— 0.50 eV).
In this case, the negative charge is localized not at the
distant boron atom, but at the ps-center located close to
NH4*. A significant Coulomb attraction between the
NH4* ion and the charged ps-center leads to a defor-
mation of the crystal lattice and a significant displace-
ment of the silicon atom, which is energetically unfa-
vorable. Therefore, the presence of a distant boron at-
om is crucial for the ammonia protonation process.
Therefore, the other considered configurations of model
clusters included such a boron atom.

The configurations shown in Fig. 3¢ and Fig. 3d dif-
fer from Fig. 3a by the different number of water mole-
cules adsorbed near NH4*. Without a water molecule
(Fig. 3c), protonation becomes energetically unfavorable
(Eprot =—0.08 V), and the presence of two H20 mole-
cules (Fig. 3d) makes protonation even more energeti-
cally favorable (Eprot = 0.07 V). Therefore, the presence
of water molecules is also a significant factor for the
efficient ammonia protonation. They serve as a “transfer
link” for the proton, due to the large dipole moment they
shield the electric field of the NH4* ion and create energy-
efficient hydrogen bonds with it.

Fig. 3e and Fig. 3f show the cases of fixation of
NH4* ions on one OH-group and generally without OH-
groups. It can be seen that in these cases the probabil-
ity of protonation decreases again, the corresponding
protonation energies are — 0.37 eV and — 0.74 eV. In the
absence of water molecules and without fixation on the
OH-groups, stable states with the NH4* ion are not
formed at all. So, the importance of OH-groups is mani-
fested in the fact that they fix the NH4* ion with ener-
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getically favorable hydrogen bonds and somewhat shield
its electric field.
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Fig. 3 — Fragments of model clusters with a protonated am-
monia molecule and different amounts of surface OH-groups,
H20 molecules and a boron atom present (a, ¢, d, e, ) or absent
(b). The figure also shows protonation energies in appropriate
cases (positive values of E,. indicate that protonation is ener-
getically favorable)

Preliminary calculations have shown that the proto-
nation of ammonia molecules in the presence of an al-
ready existing passivated pair of ps-center/boron atom is
also energetically beneficial. Subsequent studies will be
devoted to modeling such processes.

3. CONCLUSIONS

DFT modeling showed that protonation of ammonia
molecules can occur spontaneously on the silicon surface.
In order for protonation to be energetically favorable, the
following conditions are necessary: fixing of NH3 mole-
cules on at least two OH-groups, participation of one
water molecule, and the presence of a distant boron at-
om. After protonation of the ammonia molecule, the bo-
ron atom goes into a passivated state (its acceptor prop-
erties are lost). This process may explain the reduction
in p-PS conductivity in a humid ammonia atmosphere.
The proposed model of NH3 protonation can also explain
the processes of laser desorption/ionization for amino
compounds. Free holes formed by laser radiation recom-
bine with an electron localized on a boron atom. After
this, the desorption energy of NH4* decreases significant-
ly (from 3.67 to 1.05 eV). The water molecules involved
in protonation serve as the “transfer link” for the proton;
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due to the large dipole moment, they shield the electric
field of the NH4* ion and create energetically favorable
hydrogen bonds with it. The importance of OH groups

REFERENCES

1. M. Li, M. Hu, P. Zeng, S. Ma, W. Yan, Y. Qin, Electrochim.
Acta 108, 167 (2013).

2. W.I. Laminack, N. Hardy, C. Baker, J.L. Gole, IEEE Sens.
J. 15, 6491 (2015).

3. F.de Santiago, A. Trejo, A. Miranda, E. Carvajal, L.A. Pérez,
M. Cruz-Irisson, J. Mol. Model. 23, 314 (2017).

4. S.Zhu, X. Liu, J. Zhuang, L. Zhao, Sensors 17, 1929 (2017).

5. N.Baran , H. Gebavi, L. Mikac, D.Risti’c, M. Goti’c,
K. A. Syed, M. Ivanda, Sensors 19, 119, (2019).

6. F. Ptashchenko, J. Nano-Electron. Phys. 7, 03027 (2015).

7. F. Ptashchenko, J. Nano-Electron. Phys. 8, 02049 (2016).

8. A. Pavlikov, L. Osminkina, A. Vorontsov, V. Timoshenko,
P. Kashkarov, phys. status solidi ¢ 4, 2126 (2007).

9. R.Rurali. Gas and Liquid Doping of Porous Silicon in:
Handbook of Porous Silicon, 639 (Ed. L. Canham) (Spring-
er International Publishing: Switzerland: 2014).

10. S. Alimpiev, A. Grechnikov, J.Sunner, V. Karavanskii,
Ya. Simanovsky, S. Zhabin, S. Nikiforov, J. Chem. Phys.
128, 014711 (2008).

11. A.A. Grechnikov, A.S. Borodkov, S.N. Zhabin, S.S. Alimpiev,
J. Anal. Chem. 69, 1361 (2014).

12. F. Ptashchenko, J. Nano-Electron. Phys. 10, 01022 (2018).

J. NANO- ELECTRON. PHYS. 11, 05024 (2019)

during protonation is manifested in the fact that they fix
the NH4* ion with energetically favorable hydrogen bonds
and somewhat shield its electric field.

13. F. Ptashchenko, phys. status solidi b 255, 1700654 (2018).

14. X.G. Zhang, J. Electrochem. Soc. 151, No 1, C69 (2004).

15. M. Li, M. Hu, W. Yan, S. Ma, P. Zeng, Y. Qin, Electrochim.
Acta 113, 354 (2013).

16. M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, dJ.R. Cheeseman, G. Scalmani, V. Barone,
B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato,
X. Li, H. P. Hratchian, A.F. Izmaylov, J. Bloino, G. Zheng,
dJ. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda,
J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta,
F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin,
V. N. Staroverov, T.Keith, R.Kobayashi, J. Normand,
K. Raghavachari, A. Rendell, J. C. Burant, S.S. Iyengar,
J. Tomasi, M. Cossi, N.Rega, J.M. Millam, M. Klene,
J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo,
R. Gomperts, R. E. Stratmann, O. Yazyev, A.dJ. Austin,
R. Cammi, C. Pomelli, J.W. Ochterski, R. L. Martin,
K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador,
dJ. J. Dannenberg, S. Dapprich, A.D. Daniels, O. Farkas,
dJ. B. Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox,
Gaussian 09, Revision B.01 (Inc.: Wallingford CT: 2010).

DFT-monenoBaHHS IIPOTOHYBAHHS MOJIEKYJI aMiaKy HA IOBEPXHiI KPEMHII0 pP-THITY

®.0. IIramensko

Hauionanvruil ynisepcumem — Odecvka mopcvka axademis, eyn. Jliopixcorna, 8, 65029 Odeca, Vrpaina

¥ po6oti nposogmiocss DFT-MonemoBasHs 3 METOI0 BCTAHOBJIEHHSI YMOB, HEOOXITHUX IS IIPOTOHYBAHHS
MOJIEKYJI aMiaKy Ha I[OBEepXHi KpeMHio. MolesoBaHHS IIOKAa3ajo, 10 JJIsI TOTO, 100 IIPOTOHYBAHHS OyJI0
€HEePreTUYHO BUTITHUM, HeOOXITHO BUKOHAHHS TPHOX YMOB: 3aKpimieHHs moJekysa NHs xoua 6 Ha gBox OH-
rpymnax, yJacTh OJHOI MOJIEKYJIM BOJAM TA HASBHICTH BiIJasieHOro atoma 0Oopy. B 1pomy Bumanry ewmepris
IpOTOHYBaHHs (PISHUIIS MI3K €HeprisMU MOJEJIBHOIO KJIACTepa B HEIIPOTOPOBAHOMY 1 IIPOTOHOBAHOMY CTAHAX)
Eprt=0,01eB. IlporonyBanHs BinOyBaeTbCsi NpU OJHOYACHOMY II€PEXOJl JBOX IIPOTOHIB: BiJl IIOBEPXHEBOL
crutanoBol rpymu mo Mmoserysan H20 ta Bim H2O mo NHs. Taxuit mepexin Beme 0 yTBOPEHHS IIO3UTHBHO
sapsimexenoro iona NH4* ta HeratusHO 3apsixeHOro py-1ieHTpa. Ilicss mporo BinOyBaeThes mepexis eIeKTpoHa
B pp-IIEHTpA JI0 BiajieHoro atomy 0opy, ToOTo ioro macusariisg. Came macwBallisi aKIENTOPHOI JOMIIIKKA
iomamu NHy* Moske TPUSBOOMTH [0 3HMKEHHS KOHIIEHTPAINl BUIBHUX IPOK Ta IIPOBITHOCTI KPEeMHIEBHUX
CTPYKTYp p-THILy. 3AlpOIOHOBAHA MOZEJbh HIPOTOHYBaHHs MoJiekysa NHsz raxos Moske mOsSiCHWTH mpoliecu
TOBEPXHEBO CTUMYJILOBAHOI JIadepHil Aecopoirii-iorisarii (SALDI). BinbHi gipku, yTBOpeHi mif Ji€i0 JIa3epHOTO
BUIIPOMIHIOBAHHS, MOKYTH PEKOMOIHYBATH 3 €JIEKTPOHOM, JIOKAJII30BAHUM Ha aToMi 60py, TOOTO 3HIMATH HOTO
"HeratuBHui 3apsan. [licasa mporo emepris mecopoirii NH4+ sumxyerbest Big 3,75 mo 1,05 eB, 1o € 6iusbkum 10
eKCIIEpUMEHTAJIbHO OTPUMAHNX 3HAYeHb eHepriii JasepHol aecopOirii 1oHIB amiHocmosyk. MogesoBaHHs
TAKOK I[OKA3aJI0, IO BIJCYTHICTH BIIIAJIEHOT0 aToMa 0OOpYy CYTTEBO 3HHKYE €(eKTHUBHICTH IIPOTOHYBAHHS,
Eprot=—0,50eB, ocKiIbKH HEraTUBHUM 3apsijl 30CePeIKyETHCSA He Ha BIIIaeHOMy aToMi 00py, a Ha pp-IIeHTpi,
poamimenomy nopy4u 3 NHst. Bnaune xysoHiBcbKe mpuTaraHHsa mixk iomom NHyt Ta sapamkeHuM po-IIeHTPOM
BeJle JI0 CYyTTEBOTO 3MIIEHHS aToMa KPEMHI0, IO € €HepreTUYHO HeBUTLIHUM. 3akpimieHHsa moJekya NHs
mume Ha omHin OH-rpym Ta BifCyTHICTD HPOMIMKHOI MOJIEKYJIM BOOM TAKOMX POOJIATH IIPOTOHYBAHHS
MaJIOMMOBIPHUM: 3HA4YeHHSA Fpo: B IMX BUIaAkax craHoBiasth —0,37 1 —0,08eB, Bimmosimuo. Ile moskma
mosicHUTH TuM, 110 Mosteryu HzO 1 OH-rpynu cTBopioioTh eHepreTnuHo BUTIAHI BogHEeB] 3B’s13ku 3 ioHom NHy*

Ta eKPaHyITh M0T0 eJIEKTPUIHE TI0JIE.

Knrouosi ciosa: [lopysarnit kpemuiit, Amiak, [IpoToHyBaHHSA, pb-IIeHTPH.
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