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Interaction between a silicon nanowires surface and molecules

of NH3 and HCl: DFT model and experiment
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Theoretical and experimental studies of the interaction processes of the surface of silicon nanowires with NH3

and HCl molecules have been carried out in connection with the possibility of creating gas sensors that have

potential for use in healthcare. The DFT approach has been conducted to show that the experimental results can

be explained by the redistribution of the electron density between adsorbed molecules and the silicon surface. It

is possible due to the resistive response of Si nanowires to changes in the concentration of NH3 and HCl vapors

experimentally established.
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Silicon is a classic material of modern micro- and

nanoelectronics [1]. It is widely used to fabricate sensoric

devices applied in medical care, in industry and in natural

science [2,3]. Nanostructures with large ratio of surface

area to volume, such as silicon nanowires (Si NWs) are of

special interest. Large adsorption capacity in combination

with processability make these materials one of the most

prospective to create sensing elements of gas sensors [4–6].
Besides, currently other applications of NWs are widely

studied [10–12].
This paper relates to theoretical and experimental study

of adsorption properties of Si NWs in view of possibility to

create based on them of the effective adsorption sensors of

ammonia and hydrochloric acid. Detection of NH3 and HCl

is interesting in view of medicine, as these substances are

products of various biologic processes in the human body.

Their concentration in biologic fluids of the human can be

used to evaluate the human health [2].
To study processes of interaction of ammonia and

hydrogen chloride with surface of Si NW the modeling of

adsorption of molecules NH3 and HCl on surface Si(100)
was performed using software ORCA 4.2.1 [13,14] by

method wB97X-D3/6-31G. For correct simulation a silicon

cluster was prepared with Si(100) orientation, the size of

4× 4 bulk silicon lattice cells, and thickness of 4 atomic

layers. Dangling bonds in all directions, except studied,

were passivated by hydrogen atoms (H). Analyte molecule

was drawn to rest free surface Si(100). The geometry

was optimized only for atoms of two
”
top“ layers, and

for atoms of adsorbate molecule, rest atoms play role of

skeleton and were fixed by program (it is expected that

atoms in three and further layers from surface have same

configuration as atoms in bulk of crystal). Figure 1 shows

results of calculation for complexes Si(100), Si(100)+NH3

and Si(100)+HCl, for easy perception part of complex is

hidden. Images are made using Chemcraft [15].
Distribution of charge density in clusters is presented

in maps of electrostatic potential (ESP-maps) plotted and

visualized using packages MultiWFN [16,17] and VMD [18],
respectively. Color indication shows energy of interaction of

test positive charge with complex in kcal/mol. Negative

values indicate attraction, positive - repulsion. So, white

color indicates excess of positive charge, and black color —
excess of negative charge. Figure 2 shows ESP-maps for

studied complexes.

Quantitative results of modeling are summarized in Table,

where Si−X means distance between atoms N or Cl and

neighboring Si after optimization; 1(Si−Si) — change of

bond length of dimer on surface of crystal upon interaction

with adsorbate molecule (NH3 or HCl); 1QMPA — charge

on adsorbate molecule, calculated via Mulliken Population

Analysis [19]; 1E — bond energy of adsorbate molecule

on silicon surface, which was determined as change of full

energy of complex after adsorption of analyte molecule.

Note that one molecule of hydrochloric acid takes more

electron density from Si NW, then ammonia molecule

gives away. From this more significant change of Si NW

resistance is observed in the first case as compared to the

second case. Besides, Table shows that adsorption of HCl

molecule is more energy beneficial then of NH3 molecule,
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Figure 1. Optimized geometry of studied complexes: a — Si(100), b — Si(100)+NH3, c — Si(100)+HCl. Designations: atoms of

adsorbate molecules are named, unnamed atoms — Si. Lengths are given in Å, angles — in degrees.

hence, probability of adsorption of individual molecule of

hydrochloric acid is higher. These circumstances lead to the

fact that the resistive response in the case of hydrochloric

acid adsorption will be more noticeable than in the case of

ammonia adsorption, which is observed in the experiment.

Based on the modeling results, an experimental study

was performed of the adsorption properties of 10 µm long

Si NWs, which were obtained by the method of plasma-

chemical cryogenic etching of the boron-doped silicon

crystal in the direction (100) [20]. Further Si NWs were

separated from the substrate using ultrasound and relocated

on the substrate with deposited drop casting rod gold

contacts (spacing 10 µm) by drop-by-drop method [20].

As a result over 26 000 Si NWs were electrically connected

parallel to each other. As sensing response we estimated

Characteristics of interaction of molecules NH3 and HCl with

surface Si(100) as per results of DFT-modeling

Si(100)+NH3 Si(100)+HCl

Si−X, Å 1.986 2.201

1(Si−Si), Å 0.104 0.028

1QMPA, e 0.275 −0.386

1E, eV 2.8 3.5
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Figure 2. ESP-maps of studied complexes: a — Si(100)+NH3, b — Si(100)+HCl.
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Figure 3. Relative resistance of samples in presence of NH3 (solid
gray curve) and HCl (dashed black curve) vapors.

change of active resistance of sensor based on NW in

the presence of ammonia vapors, obtained from aqueous

solution NH3 with concentrations in range of 0 to 1mmol/l,

as compared to reference medium — water vapors. Mea-

surements were performed using impedance meter Z500P.

The measurement results are shown in Figure 3. Relative

resistance of sensor r was determined as follows:

r =
Rmedia − RH2O

RH2O

· 100%, (1)

where Rmedia — sample resistance in the presence of

analyte, RH2O — sample resistance in water vapors.

Under this study we show the possibility of qualitative

and quantitative detection of ammonia and hydrochloric acid

using sensors based on Si NWs. It was determined that

during adsorption a redistribution of electron density occurs

between the crystal surface and the adsorbate molecule,

which can explain the change in resistance observed in the

experiment.
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