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Abstract: The study presents a comprehensive theoretical investigation of the structural, electronic, and optical properties 
of lonsdaleite-type (AB stacking) diamane subjected to substitutional doping with boron, nitrogen, and iron atoms. All 
calculations were performed using the methods of density functional theory. We systematically examined the effects of 
impurity incorporation at concentrations of 7 % and 13 % on the diamane crystal lattice. The introduction of dopant atoms 
induces minimal lattice distortion, with changes in the lattice constant not exceeding 1 % compared to pristine diamane. 
Specifically, boron and iron doping at 7 % concentration results in approximately 1 % lattice expansion, while nitrogen doping 
causes a 0.70 % contraction. Simultaneous co-doping with nitrogen and boron atoms yields an average lattice parameter 
increase of 0.60 %. The electronic band structure calculations demonstrate substantial modifications in the electronic 
properties of doped diamanes. While pristine AB-diamane exhibits a direct bandgap of ≈3 eV, nitrogen doping increases 
this value to 3.46 eV, whereas boron doping reduces it to 2.14 eV. Notably, simultaneous incorporation of boron and nitrogen 
atoms at 13 % concentration, particularly when located in neighbouring diamane planes, induces a semiconductor-to-metal 
transition, suggesting potential applications in nanoelectronic devices. Iron doping at 7 % concentration also significantly 
alters the electronic structure, creating partially filled energy bands that modify charge transport properties. Vibrational 
spectroscopy calculations provide characteristic signatures for experimental identification of dopants. The computed Raman 
and infrared spectra exhibit distinct peaks associated with impurity-carbon bond vibrations, enabling reliable detection of 
substitutional defects. Formation energy calculations indicate that nitrogen incorporation is most energetically favourable 
(0.44 eV), while iron doping is least favourable (7.37 eV). These findings provide valuable insights for the controlled synthesis 
and characterization of functionalized diamane materials with tailored electronic and optical properties for advanced 
technological applications.
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1. Introduction

Doping, i. e., the introduction of impurity atoms into the 
crystal lattice, is an effective way to control the electronic and 
optical characteristics of nanostructures and, in particular, 
2D materials. For example, the introduction of substitutional 
atoms into the graphene crystal lattice leads to the opening 
of a band gap in its band structure. This approach allows 
stabilization of the graphene structure, creation of a p-n 
junction, and an increase in the charge carrier concentration 
[1– 8]. In this case, doped graphene can be used in diodes, 
transistors, and other electronic devices [9]. The doping 
method with carbon or beryllium atoms is also used in 2D 
hydrogenated bilayer boron nitride with a wide band gap of 
about 6 eV. In this case, its dielectric gap decreases to 3 eV, 
and the absorption spectrum shifts from the ultraviolet 
range to the visible range [10]. Thus, such a 2D bilayer boron 
nitride can be applied as an active layer in optoelectronic 
devices.

Diamane is a unique quasi-two-dimensional structure 
that is obtained through the deposition of hydrogen or 
fluorine atoms on the outer sides of bigraphene [11–14]. 
Hydrogenation leads to the replacement of the interlayer 
van der Waals interaction in bilayer graphene with covalent 
bonds. Like its precursor, ideal diamane has several crystal 
lattice configurations, among which the energetically 
favourable ones are AA (diamond) and AB (lonsdaleite) 
stacking [11,12]. Its unique features also include a large band 
gap value (≈3 eV), mechanical strength [15,16], and flexibility 
[17]. Control of the electronic and optical characteristics of 
diamane through the introduction of various impurity atoms 
into its crystal lattice is also feasible. For example, nitrogen 
and boron doping of diamane with AA configuration leads 
to a change in the band gap width without a significant 
change in the lattice parameter [18]. This allows the use of 
AA-diamane for the formation of various types of lateral 
heterostructures [19], which can be used, for example, 
to study quantum effects of resonant tunnelling. It is also 
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known that a boron atom introduced into the crystal lattice 
of AB-diamane not only reduces its formation energy but 
also leads to a change in the band gap width [20]. Moreover, 
the close proximity of impurity atoms to the diamane surface, 
particularly F-diamane, unlike bulk diamond (the brightness 
of single-electron sources in bulk diamond is limited by its 
low quantum efficiency), allows for a significant increase 
in photon extraction efficiency, which is promising for 
applications in quantum technologies [21]. In the case of AB 
diamane, the influence of the type of impurity atoms and 
their position in the crystal lattice on electronic and optical 
characteristics has not been fully determined.

This theoretical study aims to determine the influence of 
impurity atoms of nitrogen, boron, and iron on the structural, 
electronic, and optical characteristics of diamane with AB 
stacking type using density functional theory calculations.

2. Materials and methods

When performing the calculations, Quantum Espresso 
software was used, which allows for the study of various 
properties of crystalline structures within the framework 
of density functional theory (DFT) [22, 23]. Structural 
optimization of the studied systems was performed using the 
Perdew-Wang (PW) exchange-correlation functional [24] 
with a plane wave basis set. It should be noted that in the 
structure of diamane, unlike graphite or bilayer graphene, 
interlayer interaction is realized predominantly through 
covalent bonds between carbon atoms of neighboring planes, 
while van der Waals interactions play a significantly smaller 
role. Therefore, we did not account for these corrections 
in our study. Calculation of electronic characteristics of 
optimized structures, such as band structure and density 
of electronic states, was also performed using the local 
density approximation (LDA) with the Perdew-Wang (PW) 
exchange-correlation functional [24] with a plane wave basis 
set. In the calculations of optical spectra, Troullier-Martins 
[25] norm-conserving pseudopotentials were used for all 
chemical elements employed. Cutoff energy values of 140 Ry 
and 640  Ry were chosen for wave functions and electron 
density, respectively. In reciprocal space, a 6 × 6 ×1 k-point 
mesh constructed using the Monkhorst-Pack method [26] 
was used. The structural optimization process continued 
until the components of all forces acting on the atoms became 
less than 10−5 Ha / Bohr. In the direction perpendicular to the 
diamane plane, a “vacuum” of 30  Å was used to eliminate 
non-physical interactions between structure images due to 
the periodic boundary conditions. For calculations of the 
density of electronic states, the Blöchl tetrahedron method 
[27] was applied. For Brillouin zone integration, this 
method provides better determination of key features of the 
density of electronic states than the smearing method [28]. 
To determine phonon frequencies, Raman spectra, and IR 
spectra, the DFPT method [29] was applied.

To determine the substitution energy of a carbon atom 
(C) by an impurity atom (X) Ef

X, the following expression is 
used [30 – 33]:

		    Ef
X = E X

total − E C
total − ∑XnXμX		  (1)

where E X
total is the total energy of diamane with an impurity 

atom incorporated into its crystal lattice, E C
total is the total 

energy of the crystal lattice of ideal AB diamane, µX is the 
chemical potential of carbon or impurity atom X, nX is 
the number of substituted atoms (nX < 0) and substituting 
(nX > 0) atoms of type X including carbon. The chemical 
potentials of the elements were evaluated by us at the same 
level of DFT theory as the energy per number of atoms in the 
simulation cell in its most stable phase: for carbon, diamond 
was chosen; for nitrogen, N2 gas; for boron, α-rhombohedral 
phase of boron (B12); for iron, bcc iron (α-Fe). The values 
of chemical potentials were (in eV per atom): µC = −155.718, 
µN = −270.700, µB = −91.418, µH = −15.478, µFe = −540.175. 
Note that under normal conditions, the most stable phase 
of carbon is graphite, not diamond. In our study, the choice 
of diamond as the reference phase is motivated by the fact 
that the structure of diamane is chemically and structurally 
closer to diamond (sp3‑hybridization of carbon atoms) than 
to graphite (sp2‑hybridization of carbon atoms). This choice 
allows for a more accurate assessment of the substitution 
energy within the studied system.

3. Results and discussions

In the present study, a 2 × 2 supercell of diamane with 
hexagonal symmetry was considered, containing 16 carbon 
atoms and 8  hydrogen atoms. We limited ourselves to 
considering configurations where single impurity atoms 
were three-fold coordinated. In the crystal lattice, there 
exists only one such non-equivalent position (see Fig.  1). 
In these configurations, along with the introduction of an 
impurity atom, a hydrogen atom is additionally removed. 
Since boron atoms can form only three covalent bonds, 
such a position in the crystal lattice of diamane is the most 
energetically favourable for them. Nitrogen atoms are also 
capable of forming three covalent bonds. DFT calculations 
showed that the most stable configurations are those in which 
nitrogen atoms incorporated into the AB-diamane structure 
have no bonds with hydrogen [20]. At the same time, iron 
atoms are capable of forming up to six covalent bonds. The 
use of identical configurations when introducing different 
impurity atoms allows for a more correct comparison of 
their substitution energies. In this case, the concentration of 
impurity atoms for the considered diamane structure is 7 %.

Along with doping with a single impurity atom, we 
considered the case when nitrogen and boron atoms are 
simultaneously introduced into the AB-diamane lattice at 
different non-equivalent positions, shown in Fig.  2 (the 

Fig.  1.  (Color online) Crystal structures of AB-diamane with an 
incorporated impurity atom. Carbon atoms are shown in brown, 
hydrogen atoms in pink, and the impurity atom in green.
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concentration of impurity atoms is 13 %). We examined 
configurations where nitrogen and boron atoms are located 
both in the same diamane plane and in adjacent diamane 
planes. In the aforementioned structures, nitrogen-
hydrogen bonds are present, which also affects the electronic 
characteristics of AB-diamane.

During the geometric optimization process, the following 
lattice constant values were obtained for the considered 
diamane supercell: ideal structure — 4.977 Å; diamane doped 
with boron atom — 5.033 Å; diamane doped with nitrogen 
atom — 4.942 Å; diamane doped with iron atom — 5.044 Å; 
diamane co-doped with nitrogen and boron atoms  — 
5.011 Å for the structure shown in Fig. 2 a; 5.006 Å for the 
structure shown in Fig. 2 b; 5.003 Å for the structure shown 
in Fig.  2 c. Analysis of the obtained data shows that the 
incorporation of single impurity atoms of boron or iron into 
the considered diamane unit cell leads to a relative increase 
in the AB-diamane lattice constant by approximately 1 % 
(see Table 1). The incorporation of nitrogen atoms leads to a 
decrease in the AB-diamane lattice parameter by 0.70 %, while 
the simultaneous incorporation of nitrogen and boron atoms 
leads to an increase in the AB-diamane lattice parameter by 
an average of 0.59 %. Thus, the largest distortion of the lattice 
constant is observed in the case of incorporating iron and 
boron atoms at a concentration of 7 %.

Using  Eq.  (1), the substitution energies of carbon 
atoms by impurity atoms in the AB-diamane crystal lattice 
were calculated (see Table  1). The incorporation of single 
nitrogen atoms is the most energetically favourable, while 
the incorporation of single iron atoms is the least favourable. 
Note that the high substitution energy suggests that iron 

doping may require special experimental conditions 
(elevated temperatures, ion implantation methods, or other 
non-equilibrium synthesis methods). In this regard, iron can 
be considered as a promising dopant only with specialized 
synthesis technologies, which limits its practical application 
compared to boron and nitrogen.

Calculations of the electronic band structure for doped 
AB-diamanes were performed. AB-diamane is a direct 
bandgap wide-bandgap semiconductor with a bandgap of 
Eg = 3.01  eV (see Fig.  3 a). The obtained band gap of ideal 
AB-diamane agrees well with the values previously obtained 
using the PBE functional (3.04  eV [34], 3.01  eV [36]). For 
nitrogen-doped diamane, the Eg value increases to 3.46  eV 
(see Fig.  3 c), which is in good agreement with the value 
previously calculated using the PBE functional (3.43  eV 
[34]). In turn, the incorporated boron atom reduces Eg to 
2.14  eV due to the formation of an energy band above the 
Fermi level with a width of ≈0.55  eV, which is separated 
from the higher-energy bands by approximately 0.10 eV (see 
Fig. 3 b). AB-diamane doped with a single nitrogen or boron 
atom remains a direct bandgap semiconductor. It should be 
noted that doping of AB-diamane with single nitrogen and 
boron atoms (concentration of 7 %) leads to a similar change 
in the electronic structure as in the hexagonal lattice of 
AA-diamane (concentration of 6 %). In particular, boron atom 
incorporation in both cases causes a decrease, while nitrogen 
atom incorporation causes an increase in the band gap [18]. 
The incorporation of an iron atom into the AB-diamane 
structure leads to the formation of an almost filled energy 
band at zero temperature with a width of ≈0.70 eV, which is 
separated from the higher-energy unfilled band with a width 
of ≈0.45 eV by a band energy gap of ≈0.72 eV (see Fig. 3 d).

Simultaneous incorporation of nitrogen and boron 
atoms in the case of configurations shown in Fig.  2 b, c 
(corresponding band structures are shown in Fig.  4 b, c) 
leads to the formation of a partially filled band with a width 
of ≈0.40 eV (for the configuration in Fig. 2 b) and ≈0.28 eV 
(for the configuration in Fig. 2 c), which is separated from the 
unfilled energy band by a band energy gap of 0.56 eV (for the 
configuration in Fig. 2 b) and 0.48 eV (for the configuration 

		       a				                   b					             c
Fig.  2.  (Color online) Crystal structures of AB-configuration diamane from top and side views with doped nitrogen and boron atoms. 
Carbon atoms are shown in brown, hydrogen atoms in pink, boron atom in green, and nitrogen atom in blue.

Impurity B N Fe
B + N 

(Fig. 2 а)
B + N 

(Fig. 2 b)
B + N 

(Fig. 2 c)
Δа, % 1.13 −0.70 1.35 0.68 0.58 0.52
Ef

X, eV 1.93 0.44 7.37 3.79 2.86 2.27

Table  1.  Values for the formation energy and the lattice parameter 
mismatch Δa = (l − l0) ⁄ l0 ∙100% (l0 is the lattice constant of the ideal 
structure) for various types of impurities in AB-diamane.
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in Fig.  2 c). In the case of the structure shown in Fig.  2 a, 
analysis of its corresponding band structure (Fig. 4 a) allows 
us to conclude that the nature of conductivity changes from 
semiconducting to metallic. At the same time, for example, 
doping of fluorinated diamane with nitrogen and boron 
atoms leads to a decrease in the band gap from 4.04 down to 
3.03 eV without transition to the metallic state [35].

Raman and IR spectroscopy are among the methods for 
identifying the presence of impurity atoms in the crystal 
lattice of various materials. In the present study, IR and Raman 
spectra were calculated for AB-diamanes in the presence of 
nitrogen and boron impurity atoms. The calculation results 
are shown in Figs. 5 – 7.

In the case of boron-doped AB-diamane, an additional 
peak of lower intensity appears in the Raman spectrum at 
667 cm−1. The peak at 1317 cm−1, corresponding to vibrations 
of bonds between carbon atoms, splits into two peaks upon 
boron atom incorporation at frequencies of 1277  cm−1 
(vibrations of bonds between carbon atoms) and 1406 cm−1 
(vibrations of bonds between carbon and boron). In the IR 
spectrum of boron-doped AB-diamane, an additional peak 
appears at 1406 cm−1 with the highest intensity, corresponding 
to vibrations between boron and carbon. In the case of 
nitrogen-doped AB-diamane, the Raman spectrum shows 
that the peak at 1317 cm−1 splits into two peaks at 1258 cm−1 
and 1354  cm−1, which correspond to vibrations of bonds 
between carbon atoms. The peak at 1258 cm−1 corresponds 
to C-C bond vibrations in the direction perpendicular to 
the diamane planes. The peak at 1354  cm−1 corresponds to 
C-C bond vibrations in the direction along the diamane 

planes. In the IR spectrum of nitrogen-doped AB-diamane, 
the peak at 1139  cm−1 splits into two peaks at 1267  cm−1 
(vibrations of bonds between carbon atoms) and 1036 cm−1, 
with the latter having the highest intensity in the spectrum 
and corresponding to vibrations between nitrogen and 
carbon. The incorporation of nitrogen or boron atoms into 
the AB-diamane lattice has a negligible effect on the high-
frequency hydrogen-carbon bond vibration.

4. Conclusion

The calculation results showed that in the case of the 
hexagonal unit cell of AB-diamane, doping with a single 
type of atom (nitrogen, boron, or iron) at a concentration 
of 7 % and doping with nitrogen and boron atoms 
simultaneously (impurity concentration of 13 %) leads to a 
negligible change in the lattice constant by ≤1 %. The greatest 
change in the lattice constant is observed when doping the 
AB-diamane crystal lattice with nitrogen and iron atoms, 
while simultaneous incorporation of nitrogen and boron 
atoms leads to minimal distortion of the lattice parameter. 
The most energetically favourable is the incorporation of 
nitrogen atoms (0.44 eV) at a concentration of 7 % into the 
AB-diamane crystal lattice, while iron doping (7.37  eV) is 
the least energetically favourable.

Doping allows for significant modification of the 
electronic properties of AB-diamane. In particular, 
simultaneous incorporation of nitrogen and boron atoms 
at a concentration of 13 % in a configuration where they 
are located in neighbouring planes of the diamane crystal 

		  a			         b			                c				      d
Fig.  3.  Band structure: pristine crystal lattice of AB-diamane (a); boron-doped crystal lattice of AB-diamane (b); nitrogen-doped crystal 
lattice of AB-diamane (c); iron-doped crystal lattice of AB-diamane (d).

			      a			                 b			                        c	
Fig.  4.  Band structures of AB-diamanes with configurations of crystal lattices shown in: Fig. 2 a (a); Fig. 2 b (b); Fig. 2 c (c).
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lattice without covalent interaction between them results in 
metallic properties. This can be useful in designing various 
nanoelectronic devices. The Raman and IR spectra obtained 
in this study showed that valence vibrations associated with 
changes in bonds between boron and carbon atoms, as well as 
carbon and nitrogen, correspond to characteristic peaks. In 
the IR spectra, the presence of substitutional atoms manifests 
itself in the appearance of pronounced peaks with the highest 
intensity, making it possible to experimentally determine the 
presence of such crystal lattice defects in AB-diamane.
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