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Abstract: Phosphorus is regarded as the best substitutional donor for n-type diamonds. However,
because of vacancy-related complexes, H-related complexes, and other defects in P-doped diamonds,
obtaining n-type diamonds with satisfying properties is challenging. In this report, PV and PVH
complexes are studied in detail using density function theory (DFT). The formation energy reveals
the possibility of emergency of these complexes when doping a single P atom. Although vacancies
have difficulty forming on the surface alone, the presence of P atoms benefits the formation of PV and
PVH complexes and significantly increases crystal vacancies, especially in (111) diamond surfaces.
Compared to (111) surfaces, PV and PVH complexes more easily form on (001) surfaces. However,
the formation energies of these complexes on (001) surfaces are higher than those of doping P atoms.
Studying the structural deformation demonstrated that both constraints of the upper and lower C
layers and forces caused by structural deformation prevented doping P atoms. By analyzing the
bond population around these dopants, it finds that the bond populations of P–C bonds of PVH
complexes are larger than those of PV complexes, indicating that the PV complexes are not as stable
as the PVH complexes.

Keywords: diamond film; density functional theory; phosphorus doping

1. Introduction

Diamonds are third-generation semiconductor materials that are often called ultimate
semiconductors. Due to their excellent mechanical, chemical, and electronic properties [1],
such as high fracture strength, corrosion resistance, high thermal stability, high breakdown
field, and high carrier mobility [2] diamonds have attracted considerable attention in many
fields. Doping different impurities in diamond to get the required performance is always a
research hotspot, for example the Group-4 vacancy color centers in diamond can be used
for quantum communication and sensor application [3]. Wide band gap (5.5 eV) makes
diamond an ideal electronic material [1]. By doping donor and acceptor atoms in diamonds,
the band gap can be adjusted to obtain p-type or n-type diamonds. P-type diamonds have
already been successfully produced by doping with boron atoms and is considered as
a mature topic [4]. However, the fabrication of high-quality n-type diamonds remains
challenging [5].

Doped impurities in n-type diamonds primarily include lithium (Li), sodium (Na),
oxygen (O), nitrogen (N), sulfur (S), and phosphorus (P). They are present in diamonds
either as interstitial atoms (such as Li and Na) or substitutional atoms (such as O, N, S,
and P) [6]. N, S, and P attracted considerable attention in previous studies [7]. Unlike
N, which is proven to be a deep donor with an activation energy of 1.7 eV [8] and S
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with an activation energy of more than 1 eV and low doping efficiency as demonstrated
by theoretical research [9], P with a relatively lower donor level (0.6 eV) is currently
considered the best substitutional donor [4]. Theoretical and experimental studies prove
that the diamond growth rate appreciably increases as a function of doping phosphorus and
thereby reduce the production costs [10]. Koizumi et al. [11] show that n-type diamonds
can be successfully produced by doping phosphorus using microwave-enhanced plasma
chemical vapor deposition (MPCVD).

However, it is difficult to obtain practical n-type diamonds by doping P atoms.
Satio et al. [12] proved that in P-doped (111) diamond surfaces, the carrier concentration
and Hall mobility at 500 K are only 3.8 × 108 cm3 and 38 cm2/V, respectively, and the
Hall mobility in (001) surfaces is even lower. Koizumi et al. report that the Hall mobility
of activated carriers is very low (28 cm2/V at 500 K) and decrease as the temperature
decrease (vanishing below 300 K). They suggest that unsatisfactory electrical properties
may be due to crystalline imperfections caused by the incorporation of a large amount
of P atoms, because crystalline perfection has a significant influence on the electrical
properties [11,13]. The Hall mobility vary with the temperature, also suggesting that
crystal defects are dominant factors in electron scattering [14]. Through positron lifetime
measurement, Dannefaer et al. [15] show that CVD diamond films usually contain a
high concentration of vacancies (>50 ppm). The vacancy-related defects in diamonds are
commonly considered as deep acceptors that act as strong donor compensation centers.
Ideal P-doped diamonds should contain a large amount of P atoms and also be free of
vacancies [16]. Therefore, a thorough understanding of the formation and structure of
vacancy-related complexes in P-doped diamonds are important and worth studying. H
atoms are also the reason for carrier compensation [17]. A large amount of H exists during
CVD diamond growth [11,13], and more than 1019 cm−3 of hydrogen is detected on (001)
surfaces [18]. It is also necessary to study H-related complexes in detail. Theoretically, the
doping mechanisms can be summarized by two methods, doping on the surface and in
the crystal [19]. In previous studies, PVxHy complexes in bulk diamonds were carefully
investigated [16,20], but PVxHy complexes on growing surfaces still lack detailed research.

Because formation energy of PV and PVH complex is relatively low in bulk dia-
mond [20], indicating that they are more likely to form than other PVxHy complexes, for
simplicity, only PV and PVH complexes are considered in this work. The purpose of this
study is to investigate the formation of PV and PVH complexes and their influence on
the surface structure within diamond (001) and (111) surfaces based on first-principles
calculations, since (001) and (111) surfaces are the most commonly used surfaces for doped
diamonds. Recently there are many researches in P-doping experiments on (110) sur-
face [21], but as this orientation is difficult to obtain due to its unstable nature during
growth, we do not study it in this work. By analyzing the band structure of bulk dia-
mond with PV and PVH complexes, Yan C. X. et al. find that PV complex is an acceptor
center providing hole carrier in diamond and PVH complex introduces a deep acceptor
level in band gap [20]. We also investigate doping single P atom and forming single V
in diamond surfaces for comparison to reveal the possibility of the emergence of PV and
PVH complexes during P atom doping and structural deformation due to vacancies and
hydrogen atoms.

2. Materials and Methods

In this study, the Cambridge Sequential Total Energy Package (CASTEP) [22] based
on density function theory (DFT) is used for all of the calculations. An ultrasoft pseu-
dopotential [23] plane wave approach is adopted to describe the electrons. The Perdew-
Burke-Ernzerhof (PBE) and general gradient approximation (GGA) [24] are used for the
exchange–correlation functional. The cutoff energy is 400 eV and the 2 × 2 × 1 k points
for both (001) and (111) surfaces are used to sample the Brillouin zone according to the
Monkhorst-Pack method [25]. Spin-polarization is taken into consideration [26]. The con-
vergence criterion of the inter-atomic forces is set to be 0.03 eV/ Å, and the energy of
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self-consistent calculation is 1.0 × 10−5 eV/atom. The cutoff energy and k points are ob-
tained by careful testing and are proven to be adequate for all of the calculations in this
work; higher values of these parameters shows a difference within only 5% in calculation
of formation energy.

The H-terminated diamond 2 × 1 reconstructed (001) and (111) surfaces are used in this
study as they are the most common CVD-growth diamond thin films. A vacuum distance
of 10 Å is adopted between the periodical slabs in the z direction to avoid interactions.
The numbers of C layers on the (001) and (111) surfaces are 14 and 12, respectively, which
are also obtained using the test calculations. The bottom C layer and terminated H layer
are constrained to simulate continuous bulk diamonds in the lower region of the surface
structure. The calculation parameters and lattice parameters are listed in Table 1.

Table 1. Calculation and lattice parameters of the two slab models.

Surface Number of Carbon Layer (n) k Points Set Cutoff Energy (eV) Size (x × y × z) (Å3)

(001) 14 2 × 2 × 1 400 10.06 × 10.06 × 23.27
(111) 12 2 × 2 × 1 400 7.55 × 8.71 × 23.06

The formation energy is calculated using the following equation [27,28]:

E f (PVnHm) = E(PVn Hm)− E(pure)−
[
Up + mUh − (n + 1)Uc

]
− q[EF + EV + ∆V] (1)

where n and m are the number of vacancies and H atoms, respectively. In this study, it only
investigates the situation that they are either zero or one. E(PVnHm) and E(pure) represent
the total energy of the diamond surface containing PVn Hm and the pure diamond surface,
respectively. Up, Uh, and Uc denote the chemical potentials of P, H, and C, respectively,
deduced from their hydrides in gas phase (PH3, H2), and bulk diamonds. q[EF + EV + ∆V]
is the result of exchanges of electrons or holes with the carrier reservoirs [28]. The following
section focuses only on the EF of impurities with neutral charges, so the last term is zero.

3. Results and Discussion
3.1. Formation Energy

DFT calculation results can provide theoretical explanations and reasonable predic-
tions for many experimental phenomena. In this section, the formation energies of the
PV, and PVH complexes from the second to sixth C layers are carefully calculated. The
formation energy is used to evaluate the quantity and forming efficiency of different com-
plexes. For a more comprehensive comparison, the formation energies of a single P atom
and vacancy are also calculated.

3.1.1. Formation Energies of the Single P Atom and Single V

The substitutional location of the P atom and V are shown in Figure 1. These positions
are found based on the structural symmetry of the (001) and (111) surface structures.
For example, the five outermost atoms in the third C layer of the (001) surface shown in
Figure 1a are defined as C31, C32, C33, C34, and C35, respectively. C31, C33, and C35 as well
as C32 and C34 are symmetrical, but C31/33/35 and C32/34 are asymmetrical, so the third
layer of the (001) surface structure has two doping sites (C31/33/35 and C32/34) with different
properties. We define these two sites as 3A and 3B, in which the number represents the
doping layer and the capital letter (A and B) refers to the two different doping sites in this
layer. Similarly, the doping sites in other layers are defined as 2A, 4A, 4B, 5A, and 6A,
respectively. The formation energies of a single P atom and a single V on the (001) and
(111) surfaces are shown in Figure 2.
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Figure 2. Formation energies of the single V and single P atom doped in (001) and (111) surfaces. 
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tural distortion. Since the volume of a P atom is larger than the volume of a C atom, when 

a P atom replaces a C atom on the diamond surface, it has the tendency to cause expansive 

distortions of the surrounding lattice and introduces strain to the system, like doping a 

europium atom in bulk diamond [29]. When P atom is doped in the upper layer, P has a 

Figure 1. Schematic of the substitutional locations of the P and V on the (001) and (111) surfaces. (a)
The doping location of P(V) on the (001) surface. (b) The doping location of P(V) on the (111) surface
(white: H; gray: C; pink, blue, green, orange, red, yellow, and purple: P(V) in the site 2A, 3A, 3B, 4A,
4B, 5A, and 6A, respectively) the bottom two layers, framed by the red dotted line, are the atoms that
are fixed during the calculation.
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Figure 2. Formation energies of the single V and single P atom doped in (001) and (111) surfaces.
(The doped positions are illustrated in Figure 1).

As shown in Figure 2, the lowest formation energy of the single P atom on the (001) and
(111) surfaces increases with the number of C layers. This may be the result of structural
distortion. Since the volume of a P atom is larger than the volume of a C atom, when a P
atom replaces a C atom on the diamond surface, it has the tendency to cause expansive
distortions of the surrounding lattice and introduces strain to the system, like doping
a europium atom in bulk diamond [29]. When P atom is doped in the upper layer, P
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has a tendency to move upwards towards the vacuum place, which reduces damage to
the underlying structure. Conversely, when the P atom is doped at deeper layers, the
formation energy significantly increases because it has to destroy the surrounding structure.
In addition, regarding the formation energies of the P atom in site A and B in the third and
fourth layers of the (001) surface, the energy of the site A is significantly higher than that of
the site B. Because of structural reconstruction, the site A is under compressive stress and
the site B is under expansive stress. When doping a P atom with a larger volume than a C
atom, the expansive stress of site B can be reduced and it eventually results in significant
differences in the formation energies at different sites (site A and site B) in the same layer.
This is consistent with the computed results of Kato et al. [19] that the formation energy of
one single P atom at a site B on the (001) surface is ~1.7 eV (in the third layer) and ~1.3 eV
(in the fourth layer), smaller than their respective counterparts at the site A.

Different from doping a P atom, there is no significant increase or decrease in the
formation energy of a single V. In general, a single vacancy is more difficult to form on (001)
and (111) diamond surfaces than a P atom because of its high formation energy. The energy
in the third layer is much lower than that in other layers, which means that vacancies more
easily form in the third layer rather than in the second layer. The formation energy of a
single V in bulk diamond is 6.609 eV, and we find in the fifth and sixth layer, the formation
energy of a vacancy in (001) and (111) surface obviously converge to this number, which
means the surface environment has less influence on doping a vacancy in the deeper layer.

According to the calculated data, the formation energies of a single P atom on (111)
surfaces are generally greater than on (001) surfaces, which means doping P is easier to
implement in (001) surfaces, consistent with Kato’s calculated results [19]. According to
Kato et al.’s experimental result [30], the controllable range of phosphorus concentrations
on (111) surfaces (between ~5 × 1017 cm−3 and ~2 × 1020 cm−3) is larger than on (001)
surfaces (between ~5 × 1017 cm−3 and ~8 × 1018 cm−3), and the total incorporation
efficiency value of (001)-oriented diamonds is two orders of magnitude lower than that of
(111)-oriented diamonds. In terms of formation energy, the calculated results do not agree
with the experimental results. However, experiments prove that the thermal stability of
adsorbed phosphorus atoms on (001) surfaces is weaker than on (111) surfaces [30]. Since
the formation energy is just one of the factors influencing the doping concentration and
efficiency, the experimental and computed results provide other explanations under their
joint influence, leading to the differences between the experimental and calculation results.
Besides, the phosphorus concentration in the films increases with the increase in PH3 in
the gas phase [30]. When the (PH3)/(CH4) ratio is less than 10−2, the growth rate of the P
concentration on the (111) surface is close to 1.2 and the growth rate on the (001) surface
is negligibly small. As the (PH3)/(CH4) ratio continues to increase to more than 10−2,
the growth rate of the P concentration on the (001) surface increases to ~1.1, higher than
the rate on the (111) surface (~0.35). Hence, by increasing the (PH3)/(CH4) ratio on (001)
surfaces, the upper limits of the phosphorus concentration on (001) surfaces continuously
increase. However, due to safety restrictions on the use of phosphine gas, the upper limits
of the phosphorus concentration on the (001) surface is ~8 × 1018 cm−3.

3.1.2. Formation Energies of Single PV and PVH Complexes

According to previous research [20], PV and PVH complexes are proven to be acceptor
centers providing hole carriers and reducing carrier concentrations in P-doped diamonds.
Kato et al. [5] show that ~1018 cm−3 hydrogen atoms are detected on (001) surfaces when
the background measurement level was ~5 × 1017 cm−3. Considering the layer by layer
growth of diamonds via CVD, it is meaningful to analyze the formation of PV and PVH
complex in surface layers.

The PV complex is modeled by one P atom replacing one C atom with a nearest C
atom been removed. To find the possible locations of vacancies around the doped P on the
(001) surface, we use the symmetrical approach similar as above. As shown in Figure 3,
when doping a P atom at the site 5A on the (001) surface, from the side view, the vacancy
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has only one symmetric site in the sixth layer, and from the front view, there are two
symmetric sites in the fourth layer because of the structure reorganized at the top layer.
Three different vacancy locations are calculated around P5A on the (001) surface and these
locations are defined as A, B and C, respectively. There are two possible vacancy locations
around the doped P atom on (111) surface, one is at the C position where the P–C bond is
parallel to the surface normal, and the other is at the C position where the P–C bond is 109◦

inclined from the normal, and we defined them as A and B. Figure 4 shows the optimized
structures of these three different sites of PV complex (P5AVA, P5AVB, and P5AVC) on the
(001) surface.
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Since the hydrogen atom is small, it is present in the crystal gap (interstitial atom)
around the vicinity of the PV complex and has many possible locations. Based on previous
research on P–H complexes in surface structures [17] and bulk diamonds [31], there are
four H different sites around PV complex: anti-bond (AB), bond-center (BC), cross-line
(CL), and on-vacancy (OV) sites, as shown in Figure 5. The AB site is on the opposite
extension of the P–C bond, the BC site is inserted between the C and P atoms, the CL site
is near the two planes’ intersecting line (one plane consists of C1, C3, and P and the other
consists of C2, C4, and P), and the OV site is on the vacancy location.

Figure 6 shows the lowest formation energy of PV and PVH complex in each layer
of (001) and (111) surface. The lowest formation energies of the PV and PVH complex on
the two surfaces show the same trends of increase and decrease. As shown in Figure 6, the
lowest formation energies of the PV and PVH complex in each layer of the (111) surface are
all higher than those of the (001) surface, which means that the PV and PVH complexes
more easily form on the (001) surface, and that is the same for the PH complex [17].
Therefore, the (001) surface contains more P-related complexes than the (111) surface,
which may be one of the reasons why the compensation ratios of the (001) surface are
approximately one order of magnitude higher than those of the (111) surface [18]. In both
(001) and (111) diamonds, the formation energies of the PVH complex in the second and
third layer are lower than those of the PV complex, but in the fifth and sixth layer, the
formation energies of the PVH complex are same as or higher than those of the PV complex,
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which means that the PVH complex more easily occurs in surface layers while the PV
complex is more likely to be present in deeper layers.
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In (001) diamonds, the lowest formation energy of a single P atom in each layer is
generally lower than that of PV and PVH complexes and the formation energy of a single V
atom is always the highest, but in the fourth layer, the lowest formation energy of the PVH
complex (3.75 eV) is lower than that of doping a P atom (3.86 eV). Therefore, controlling
the amount of hydrogen during the growth process of (001) surfaces can effectively reduce
the formation of surface defects. In (111) diamonds, except in the second layer where
the formation energy of a single P atom is lowest, in the third, fourth, fifth, and sixth
layer, the formation energy of PV is lower than that of a single P, which means that when
doping P atoms, they are more likely to form defects with surrounding vacancies. Thus,
to generate a better P-doped (111) surface, controlling the vacancies around the doped P
atom is necessary.

3.2. Surface Structural Deformation
3.2.1. Structural Deformations Caused by a Single P Atom

Dopants in different locations have varying effects on the surface structure and lead
to deformation. In this study, only the bonds adjacent to the dopant atom, particularly the
C–P, P–H, and C–H bonds, are studied in detail.



Appl. Sci. 2021, 11, 1896 8 of 13

In the case of doping a single P atom, there is a noticeable elongation of the surround-
ing C–P bonds, especially when P is present in the second layer, as shown in Table 2. As
the number of P-doped C layer increases, the bond length deformation gradually decreases
in both (111) diamonds and (001) diamonds. The bond’s elongation in the site A of (001)
surfaces is obvious than in the site B. The different surface structural environments between
A and B generated by the reconstruction of (001) surfaces may be one of the influencing
factors. When the original C–C bonds are symmetric and of equal length, the doped P
atom does not change the symmetry and the two bond lengths remain the same after
structural optimization. Comparing the structural changes with the formation energy,
there is an obvious relationship between the bond length and formation energy that the
greater the change in the bond length, the lower the formation energy of doping a single
P atom. Because P has a larger size than C atom, doping P atom in diamond changes the
structure around it. In the deeper layer, due to the constraints of surrounding structure,
the deformation caused by doping is getting smaller, which puts the doping position in a
compressed state and prevent the doping process. In contrast, due to the smaller constraint
in the upper layer, the formation energy decreases with the relaxation of the structure. This
conclusion does not apply in the following case: the bond’s elongation in site A of (001)
surface is greater than that in site B in the same layer, but the formation energy of site A
is larger. Because of the 2 × 1 reconstruction of (001) surface, the bonds around site B are
stretched and bonds around site A are constricted. Since phosphorus atoms are larger than
carbon atoms, doping Phosphorus in site B, although the deformation is relatively small, it
can effectively reduce the expansive force.

Table 2. Change of typical bond lengths of a single P atom with its surrounding C atoms. The
result of changing in bond length comes from: (length after doping−length before doping)/ length
before doping.

Surface Layer Position of P
Change in Bond Length (%)

d1 d2 d3 d4

(001)

2 A 14.4 24.2 13.5 13.5

3
A 10.9 10.9 10.7 10.7
B 9.5 9.5 10.5 10.5

4
A 10.0 9.5 9.8 9.8
B 9.5 9.5 9.6 9.6

5 A 10.2 8.8 9.7 9.7
6 A 9.4 9.6 9.5 9.5

(111)

2 A 14.4 11.0 10.6 10.6
3 A 11.5 9.8 9.9 9.9
4 A 10.2 9.3 9.3 9.3
5 A 10.0 9.9 9.5 9.5
6 A 10.1 9.7 9.4 9.4

3.2.2. Structural Deformation Caused by PV and PVH Complexes

Changes of bond lengths of the PV and PVH complex are listed in Tables 3 and 4,
respectively. The P–C bonds around PV complex change by more than 20%, and some P–C
bonds around PVH complex even change by over 30%. Clearly seeing from Tables 3 and 4,
some of the P–C bonds are compressed and some of them are stretched which means the
dopant P atom moves toward the vacancy, stretching the original P–C bond, decreasing the
distance between P and C that needs to bond, and forming new P–C bonds.

Because PV complex breaks one C–C bond for each of the six surrounding C atoms,
the doped P atom finally bonds with the six surrounding C atoms, as shown in Figure 4.
Adding the P atom, which is larger in size than the C atom, causes the surrounding structure
to expand, and due to the presence of vacancy, the P atom moves towards this place with
less constraining force. In the site of vacancy, the C–C bonds formed between the original
C atom and the surrounding C atoms are broken. Because the P atom moves toward the
vacancy and there are three carbon atoms near the vacancy lose a covalent bond, the P
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atom ends up bonding with those three C atoms. For the PVH complex, because the P
has five valence electrons and due to the presence of H atoms, doped P atoms form five
covalent bonds with five neighboring C atoms and the remaining carbon bonds with the H
atoms. This is different from the P–H complex, as P covalently bonds with H atoms [17].
The C–H bond lengths are almost constant around 1.1 Å. Although the vacancy of PV and
PVH complex eventually disappears, in order to describe the influence of different complex
on the surface structure more intuitively, we still use PV and PVH complex to name the
optimized structure.

Table 3. Change of typical bond lengths of PV complexes with the lowest formation energy in each layer with the
surrounding C atoms. (+) indicates an increase in the bond length compared with the non-doped surface and (−) indicates
a decrease in the bond length compared with the non-doped surface.

Surface Layer Position of P Position of V
Change in Bond Length (%)

d1 d2 d3 d4 d5 d6

(001)

2 A B 20.5 20.6 27.4 −18.1 −23.8 −23.8
3 B B 21.9 21.9 24.3 −22.1 −18.6 −18.6
4 A A 22.8 22.8 25.8 −22.3 −22.3 −18.8
5 A A 25.4 26.0 26.0 −23.8 −23.8 −22.1
6 A C 25.3 25.3 27.2 −23.0 −22.8 −22.4

(111)

2 A A 23.9 23.9 24.7 −24.0 −24.1 −24.0
3 A A 24.5 24.5 24.4 −24.2 −24.2 −23.6
4 A B 25.5 27.6 25.7 −22.3 −21.0 −22.1
5 A B 28.3 26.5 25.3 −23.1 −21.7 −22.8
6 A B 26.4 28.2 25.5 −23.2 −21.5 −22.5

Table 4. Change of typical bond lengths of PVH complexes with the lowest formation energy in each layer.

Surface Layer Position of P Position of V Position of H
Bond Length (Å) Change in Bond Length (%)

P–H H–C P–C

(001)

2 A B BC1 2.272 1.08 31.4 21.2 −29.5 −26.4 −20.7
3 B B BC1 1.939 1.08 28.7 27.5 −30.1 −26.6 −24.6
4 B A BC3 1.897 1.09 15.3 21.7 22.3 −19.4 −20.3
5 A A AB2 1.648 1.06 13.1 20.6 20.6 −20.6 −20.6
6 A C V 1.636 1.07 22.1 20.8 14.0 −19.8 −19.9

(111)

2 A A BC1 2.440 1.07 26.5 25.4 −27.0 −30.1 −26.9
3 A A BC3 2.248 1.07 19.8 19.6 14.5 −22.7 −23.2
4 A B AB3 1.678 1.08 20.9 22.3 14.6 −19.8 −21.0
5 A B BC3 1.649 1.07 32.4 −25.9 30.9 −30.0 −25.3
6 A B AB2 1.631 1.07 21.5 22.1 13.5 −19.0 −19.3

Doping PV and PVH complex causes a deformation that is much larger than that
of doping one P atom, and this can explain the formation energies of doping PV and
PVH complex are larger than that of doping one P atom in almost every layer of (001)
surface, except the situation of doping PVH complex in fourth layer. It is harder for the PV
complex and PVH to form than doping a single P atom in the surface layers of (001) surface.
However, in the deeper layer of (111) surface, although a larger deformation is produced,
the formation energy of doping PV and PVH complex becomes even smaller than that of
doping one P atom. A reason for this phenomenon appears to originate from the different
arrangement of atom in two surfaces: the atoms are arranged more neatly and closely
in (111) surface. When doping P atom in deeper layer of (111) surface, the surrounding
compact structure prevents the formation of structure deformation, and the doping site is
under compressive stress which is larger than that of (001) surface. When a vacancy exists,
P atom can move towards to that site, reducing the force caused by compressive stress and
is easier to form.
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3.3. Mulliken Bond Populations and Hirshfeld Charge

The bond populations [32] can quantitatively confirm the strengthening or weakening
of chemical bonds. After the geometry optimization, the P atom of PV complex finally
bonds with six surrounding C atoms and the P atom of PVH complex bonds with four
surrounding C atoms. The vacancies of these two complexes eventually disappear. As
shown in Tables 5–7, there is an obvious decrease in the P–C bond populations in the PV
complex compared with the bonds around the single P atom and PVH complex. This is
related to two factors: (1) the increase in the bond length weakens the covalent bond and
(2) the lack of electrons involved in the formation of the surrounding bonds. Compared
with the bonds around the PVH complex, the lower PV complex bond populations are
related to the lack of valence electrons for the P atom during the formation of the six P–C
bonds. Because of the H atoms, the P atom only has to bond with five nearby carbon atoms,
so the PVH complex bond populations are higher and the C–P bonds around the PVH
complex are more stable than those around the PV complex. The H–C bond populations
around the PVH complex remain near 1.00, consistent with earlier results that the bond
lengths of the H–C bonds remain almost constant.

The P–C bond populations around the single P atom are higher than those around the
PV and PVH complexes, which is related to their smaller structural deformation and fewer
P–C bonds around the P atom. The P–C bond populations in the second C layer around
the single P atom and PV complex on the (001) diamond surface are smaller than those
around the single P atom and PV complex in other locations, indicating that the covalent
bonds around the single P atom and PV complex in the second layer on the (001) surface
are weaker than those around the single P atom and PV complex in other locations. The
Hirshfeld charge [33] of the doped P and H atom of different complex is also represented
in Tables 5–7.

Table 5. Atomic charges and electron bond population of the single P with its surrounding C atoms.

Surface Layer Impurity Position P–C Bond Population P Atomic Charge (e)

(001)

2 A 0.58 0.58 0.46 0.51 0.24

3
A 0.83 0.83 0.79 0.79 0.31
B 0.83 0.80 0.82 0.82 0.35

4
A 0.86 0.86 0.83 0.83 0.32
B 0.80 0.80 0.84 0.85 0.34

5 A 0.82 0.84 0.84 0.84 0.33
6 A 0.83 0.84 0.84 0.85 0.33

(111)

2 A 0.81 0.81 0.81 0.82 0.36
3 A 0.82 0.82 0.83 0.84 c0.34
4 A 0.85 0.85 0.85 0.82 0.33
5 A 0.82 0.82 0.83 0.85 0.33
6 A 0.83 0.83 0.83 0.84 0.33

Table 6. Atomic charges and electron bond population of the PV complex with the lowest formation energy in each layer.

Surface Layer Position of P Position of V P–C Bond Population P Atomic Charge (e)

(001)

2 A B 0.47 0.47 0.38 0.55 0.55 0.55 0.22
3 B B 0.57 0.57 0.59 0.57 0.43 0.43 0.25
4 A A 0.57 0.57 0.55 0.55 0.55 0.43 0.22
5 A A 0.60 0.60 0.53 0.53 0.56 0.52 0.22
6 A C 0.53 0.57 0.56 0.55 0.55 0.53 0.23

(111)

2 A A 0.58 0.58 0.56 0.53 0.53 0.53 0.23
3 A A 0.58 0.58 0.56 0.53 0.53 0.53 0.23
4 A B 0.54 0.58 0.53 0.57 0.51 0.50 0.23
5 A B 0.58 0.58 0.54 0.54 0.51 0.50 0.23
6 A B 0.58 0.58 0.54 0.54 0.51 0.51 0.23
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Table 7. Atomic charges and electron bond population of the PVH complex with the lowest formation energy in each layer.

Surface Layer Position of P Position of V Position of H
Bond Population of Charge (e) of

P–H H–C P–C P H

(001)

2 A B BC1 −0.07 0.90 0.76 0.62 0.51 0.55 0.57 0.27 0.03
3 B B BC1 −0.12 0.98 0.71 0.59 0.65 0.66 0.53 0.28 0.01
4 B A BC3 −0.12 0.98 0.71 0.59 0.65 0.65 0.53 0.28 0.01
5 A A AB2 −0.09 1.06 0.70 0.65 0.65 0.60 0.65 0.27 −0.01
6 A C V −0.08 1.05 0.69 0.65 0.64 0.65 0.61 0.27 −0.00

(111)

2 A A BC1 −0.13 1.06 0.75 0.61 0.61 0.65 0.64 0.28 0.01
3 A A BC3 −0.13 1.06 0.75 0.61 0.61 0.65 0.64 0.28 0.01
4 A B AB3 −0.05 0.97 0.71 0.64 0.62 0.61 0.59 0.27 −0.00
5 A B BC3 −0.08 1.04 0.69 0.64 0.63 0.62 0.59 0.27 −0.00
6 A B AB2 −0.07 1.04 0.68 0.64 0.65 0.63 0.60 0.27 −0.00

4. Conclusions

The effects of vacancy and hydrogen on the growth and morphology of n-type
phosphorus-doped C (001)-2×1:H and C (111)-1×1:H diamond surfaces are theoretically
studied in this investigation. The research subjects included single P atoms, PV complexes,
and PVH complexes. The calculations are based on DFT under periodic boundary condi-
tions. The properties included: (i) the formation energies of doping a single P atom, PV
complex, and PVH complex, (ii) surface structural deformation caused by dopants, and
(iii) bond populations of the chemical bonds around the dopants. Based on our calculations,
the following conclusions are drawn from the results:

(1) For (111) diamond surfaces, the formation energy of the PV complex is lower than
the formation energy of a single P atom in the third, fourth, fifth, and sixth layers. In the
third and fourth layers, the formation energy of a single P atom is even higher than that
of the PVH complex, indicating that when doping P atoms on (111) surfaces, the doped P
atoms are likely to form PV and PVH complexes with the surrounding vacancies and H
atoms. Thus, it is very important to control the number of vacancies and H atoms around
doped P atoms during MPCVD fabrication of (111) diamond surfaces.

(2) The formation energy of a single P atom is generally the lowest in (001) surfaces
in the second to sixth layers, which means that compared with a single P atom, PV and
PVH complexes are less likely to form on (001) surfaces (but PV and PVH complexes form
more easily than on (111) surfaces because the lowest formation energies of PV and PVH
complexes in each layer of (001) surfaces are all lower than those of (111) surface. The
lowest formation energy of doping a P atom in each layer of (001) surface is at least 0.74 eV
lower than that of (111) surface). However, in the third and fourth layers, the formation
energy of PVH complexes is close to or lower than the formation energy of doping a single
P atom. For example, the lowest formation energy of PVH complexes in the fourth layer is
3.75 eV, and the lowest formation energy of doping a P atom in the fourth layer is 3.86 eV.
Thus, decreasing the amount of hydrogen in the formation process of (001) diamonds can
effectively reduce defects.

(3) Dopants cause surface structural deformation, and the formation energy is partly
related to the extent of deformation. When the structural deformation is insufficient, distor-
tions caused by doping are limited and eventually increase the formation energy, similar
to doping a single P atom. When the structural deformation is excessive, more energy is
required to reconstruct the surrounding structures, similar to the PV and PVH complexes.

(4) Around the PVH complex, the P atom does not bond with the H atom, but instead
bonds with the five nearby carbon atoms. Since phosphorus has only five valence electrons,
compared with the six C–P bonds around PV complexes, the P–C bond populations
around PVH complexes are higher, indicating that the P–C bonds around PVH complexes
are stronger than those around PV complexes and P–C complexes are more stable than
PV complexes.
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