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The combined effect of P-doping and surface-termination on the energetics, and especially the electronic structure,
of a diamond (100) surface, has in the present study been investigated by using a Density Functional Theory method.
The diamond surface was terminated with any of the following species: H, F, OH, O, .. ~and NH, These adsorbates
have earlier experimentally been proven crucial for e.g. applications based on surface eiectrochemistry. The observed
results were analysed with the purpose to obtain a deeper knowledge about the atomic-level cause to the observed
effects by the P doping and surface termination. The P dopant was found to have a very minor influence on the averaged
adsorption energy for the various terminating species (i.e. with less than 0.17 eV). Moreover, the adsorbates were
found to reduce the stability of the P-dopant in the diamond lattice. When analysing the results of the calculated partial
density of states, the P dopant was found to contribute with band gap states below the conduction band, out of which
one is a donor band. In addition, the surfaces with their terminating species will contribute with empty band gap states
Jjust below the CBM of the diamond surfaces. Hence, the combination of P doping and surface termination will induce
both donor and acceptor states in the diamond surface band gap, which will improve the usefulness of these specific
diamond surfaces in various electronic devices. The work function of a diamond surface is one specific properties that
will be affected by substitutional doping and surface termination. Within the present study, the terminating species were
found to render a strong impact on the surface work function (as compared to a non-terminated diamond (100)-2x1

surface), with calculated work function values that were even further decreased by P-doping.

Keywords: Diamond, P-Doping, Theory, DFT, Surface Termination,
Surfaces, Electronic Structure, Energetic Stability.

Introduction

Diamond, as a material, consists only of carbon atoms. It also shows
extraordinary properties; it is the hardest known material and is also
chemically inert. In addition, it shows quite unique electrochemical
properties, such as a large electrochemical potential window, a low
dielectric constant, controllable surface termination, and a high
breakdown voltage [1]. However, the large band gap (5.4 V) limits
the usage of diamond for electronic devices. Hence, impurities have
been introduced into the diamond lattice in order to eliminate this
limitation. Impurities within a diamond lattice can dramatically
change both the geometrical and electronic properties. The boron
atom is one of the most commonly used p-type dopants. B-doped
diamond shows quite promising electrochemical properties, e.g.
tuneable electronic conductivity (depending on the boron-carrier
concentration in the diamond lattice). Hence, boron-doped diamond
(BDD) has been widely used for electronic applications. Nitrogen,
as an n-type dopant, has also frequently been studied during the
last decades [2-5]. However, the deep donor level of nitrogen (1.7
eV below the conduction band) limits the usage of nitrogen-doped

diamond as an effective n-type semiconductor. Thus, phosphorous
has instead been introduced as a plausible n-type donor in diamond
(111) [6]. Kato et al. produced this type of n-type diamond epilayer
on (100)-oriented diamond surfaces [7]. Compared to the carbon
atom, the phosphorus atom has a larger atomic radius. Hence, the
incorporation of P into the diamond lattice is thermodynamically
unfavoured. However, the presence of a P-containing precursor in the
gas phase has experimentally proved to increase the CVD growth rate
[8, 9]. A synthesis method, with an increased incorporation efficiency
of P atoms in the diamond lattice, has recently been achieved [10].

Phosphorus, P, is nowadays the only well-established substitutional
n-type donor [8]. n-type diamond heavily doped with P atoms,
has recently been obtained with low electric resistivity and low
incorporation activation energy [11, 12]. This makes phosphorus-
doped diamond more promising for device applications, e.g. as an
electron source for bipolar devices [13-15], as Schottky barrier
diodes, and for thermionic emission applications [16,17]. Surface
termination is the general notation when a surface-binding species is
used to uphold the cubic structure, or to change the surface properties
of diamond. For instance, hydrogen-terminated diamond surfaces
have been found to be hydrophobic [18]. An H-terminated P-doped
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diamond surface has also been found to show negative electron
affinity (NEA) [19]. (NEA means that electrons in the conduction
band of diamond easily emit from the surface). Electron emission
from the conduction band of H-terminated P-doped homoepitaxial
diamond (111) has experimentally been observed [17, 20]. A
thermionic energy converter is an example of an application for
especially a P-doped diamond. However, a lower work function
with a lower resistivity is required in order to use P-doped diamond
as a cathode electrode in a thermionic energy converter [17]. Thus,
the magnitude of the work function for P-doped diamond is quite
crucial for the specific usage in thermionic energy converters, and
more generally in potential electronic devices.

The oxygen atom is also one of the most commonly used diamond
surface terminators. Oxygen-terminated diamond surfaces do
generally show hydrophilic properties, as well as a positive electron
affinity [21]. The oxygen-termination can appear as a surface binding
OH, O, 15 Comop, or OOH groups. Different chemical routes are used
to link functional groups to these O-group adsorbates. This procedure
is usually performed in e.g. electroanalytical applications [22].
Fluorine-termination will, compared to H-termination, result in an
even more hydrophobic diamond surface. In addition, F-terminated
diamond surfaces exhibit exceptional electrochemical properties,
such as a lower electrocatalytic activity, a wide electrochemical
potential window and low background current [23, 24]. Nitrogen-
terminated diamond surfaces are generally very chemically reactive
and are thereby commonly used as an intermediate for further
modification of the diamond surface (e.g., as a linker). For instance,
a diamond surface that is terminated with amine (NH,) can be
modified to be used as a functionalized surface in biosensors [25].

All these interesting properties of terminated diamond surfaces
make it clear that surface termination is crucial for especially those
applications for which diamond can function as an electrode material.
The relative stability and the electronic structures of the P-doped
diamond surfaces, terminated with either H, O-containing groups,
F or NH,, are therefore very important to study from an atomic-
level point of view.

Theoretical modelling has during the last decades been proven
to become highly efficient and helpful in the interpretation and
prediction of experimental results. In the present study, the diamond
(100)-2x1 surface was chosen in order to investigate the electronic
properties of variously terminated diamond surfaces. The low-index
(100) plane is one of the most frequently obtained surface planes
in CVD-grown diamond. In addition, the (100) epitaxial layers
are generally believed to have a better electronic quality than their
surface (111) equivalent [26]. The purpose with the present study
has therefore been to theoretically investigate the combined effect by
P-doping and surface termination on the energetics, and especially
the electronic structure, of the diamond (100) surface. The method
used was the Density Functional Theory (DFT) under periodic
boundary conditions. In addition, the models in the calculations
include H, OH, F, O O,,., and NH, as terminating species. (Non-

A R bridge " ontop
terminated diamond surfaces were used for reference purposes).

Methods and Methodology

All calculations in the present study were performed by using Density
Functional Theory (DFT) under periodic boundary conditions [27].
More specifically, an ultra-soft pseudo potential plane-wave approach
was used, based on the PBE generalized gradient approximation
(GGA) of the exchange-correlation functional [28,29,30]. As
compared to the simpler LDA (local density approximation) method,
the GGA method usually gives a better overall description of the
electronic subsystem. The reason is that LDA, which is based on
the known exchange-correlation energy for a uniform electron gas,
is inclined to over bind atoms and therefore to overestimate the
cohesive energy in the system under investigation. On the contrary,
GGA takes into account the gradient of the electron density, which
gives a much better energy evaluation [31]. Due to the presence
of unpaired electrons in the systems, all of the calculations were
based on spin polarized GGA (i.e., GGSA). With a few exceptions,
the calculations in the present work were carried out using the
Cambridge Sequential Total Energy Package (CASTEP) program
from BIOVIA [32].

As a result of chemical vapour deposition (CVD) of diamond thin
films, there are usually different low Miller index planes that will
dominate on the surface. The (111) and the 2x1-reconstructed (100)
surfaces are the most frequently observed ones. The (100)-2x1
surface has in the present investigation been chosen for studying
the diamond surface electronic properties and reactivity tendencies
(see Fig. 1). In order to properly simulate the reconstruction and
relaxation of the diamond surface planes, a relatively large cell
dimension had to be chosen; 4x4. In addition, all individual models
consisted of more than 320 atoms in the super cell, distributed over
20 carbon layers. This model size has been tested and been found
large enough for the present type of study. As will be shown in
Section Electronic structures, the middle part (covering the 9" to the
12" C layers) of the diamond slab gives a good description of bulk
diamond. Moreover, the value of the energy cut off for the plane
wave basis set was set to 370.00 eV. In addition, the Monkhorst-
Pack scheme was used for the k-point sampling of the Brillouin
zone, which generated a uniform mesh of k points in reciprocal
space [33]. The 1x1x1 k-point, as well as the cut-off frequency of
370 eV, have earlier been tested and found to be adequate to use for
the present system [34, 35]. Both edges (i.c., upper and lower) of
the diamond slab was terminated with any of the following species:
(a) F, (b) H, (c) OH, (d) O in ketone position (Oomop), and (e) O in
ether position (O, , Clge), and (f) NH.. In addition, two phosphorous
atoms were substitutionally positioned within the second top C
layer and the second C layer from the bottom. Hence, both the
upper and lower parts of the diamond slab where thereby identical
(i.e., with a surface-parallel mirror plane in the middle of the slab).
Test-calculations have also been performed in the present study
in order to evaluate the effect by the position of P in the lattice. It
was found that P in atomic layer 2 will have the largest effect on
the electronic structure of the diamond surface. Moreover, a large
vacuum distance between the slabs was used (> 10 A) in order to
avoid inter slab interactions [36]. The atoms in the model systems
were allowed to freely relax, using the BFGS algorithm (Broyden-
Fletcher-Goldfarb-Sharmo) [37].
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(a) (b)

Figure 1: Super cells demonstrating the model of a a) non-
terminated, and b) H-terminated P-doped diamond (100)-2x1
surface, respectively. The H, P, and C atoms are shown in white,
pink and grey, respectively.

The program Dmol3 from BIOVIA was in the present study used
for calculations of the work function [38,39]. The GGA method,
based on a PBE non-local functional, was also applied in Dmol3
for single-point energy calculations. All electrons in the systems
were included in these calculations. Moreover, the DNP (Double
Numerical Potential) atomic orbital basis set was applied for
calculations of the surface electronic properties. DNP is a polarized
function with an angular momentum that is larger than that of the
highest occupied orbital in the free atom. It gives a relatively more
reliable description of the electronic structure of the systems under
investigation [38].

The work function is defined as “the minimum energy needed to
remove an electron from the Fermi level to the vacuum outside the
surface”. The work function can be calculated by using equation (1).

Work function (¢p) = V(o) - E, )

The potential difference between the electronic potential in a vacuum
region far from the surface V(e0) and the Fermi energy (E_ ) is the
work function for the present systems. Within the present study, the
plane-averaged electrostatic potential (V) has been calculated as a
function of the position along the z-axis. (The value of the potential
in the vacuum region (V(«0)) can be determined for each system by
using this approach.) Thus, the work functions of the systems with
different surface terminations could here be compared by aligning
their respective values of V(o).

Structural geometries

The phosphorous atom has a larger atomic radius (110 pm) than the
carbon atom (77 pm) [40]. Thus, during the CVD growth process, it
is thermodynamically unfavourable to incorporate P into the diamond
lattice [41]. The P-induced changes in the diamond structural
geometry have therefore been carefully studied in the present
investigation. The P-C bond lengths for the various terminated
diamond surfaces are shown in Table 1. (The abbreviations that are
used in this section are visualised in Figure 2 and presented in Table

1). It should here be mentioned that the geometry optimization of an
0,,,,,-terminated diamond surface resulted in a bulk-like (100)-1x1
surface (shown in Figure 2a). The O species form double bonds with
the surface C atoms. Hence, the O species causes a de-reconstruction

of the diamond (100)-2x1 surface.

Table 1: The C-P bond lengths for different surface-terminating
scenarios; C1: carbon atom in the first layer; C2: carbon atom
in the second layer beneath the surface-reconstructed C-C
bonds; C3: carbon atom in the second layer between surface-
reconstructed C-C bonds. (The abbreviations are shown in
Figure 2¢)

[A] P-C1 P-C2 P-C3
H 1.75 1.95 1.81
OH 1.74 1.86 1.76
E 1.75 1.91 1.78
" 1.77 - 1.95
NH, 1.74 1.85 1.76
clean 1.68 1.78 1.78
- 1.71 1.75 1.75

(d)

(c)

Figure 2: Upper part of the model of a P-doped (a) diamond (100)-
1x1 surface with Oontop-termination, (b) (100)-2x1 surface with
O.. dge-termination, and (c) (100)-2x1 surface with H-termination,
respectively. The last model visualizes the binding C atoms (to the P
dopant) with the following abbreviations: C1: first-layer carbon; C2:
second-layer carbon beneath the surface-reconstructed C-C bond;
C3: second-layer carbon in between the surface-reconstructed C-C

bonds. (d) shows a model of the P(CH,), molecule

The molecule P(CH,), (see Figure 2d) has been used as a reference
compound with the purpose to compare P-C bond lengths. (The P-C
bond length in P(CH,), is 1.84 A). Since the C-C bond length in non-
doped diamond is much shorter (1.53 A), doping by a phosphorous
atom will induce bond prolongation. With one exception, P within
the second C layer in non-terminated, and variously terminated
diamond surfaces, form four P-C bonds. For the O, . dge-terminated
surface, three of the valence electrons within P prefer to form three
bonds with neighbouring carbon atoms. The other two electrons form
an electron pair (see Figure 2b). Thus, the P-dopant in the second
layer of the O, , dgc—terminated diamond surface will not offer one
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excess electron to form an n-type material. This situation of losing
the n-type property will be further discussed in Section P-induced
band gap states.

For the non-terminated diamond surface, the incorporation of the
phosphorous dopant will, generally seen, have the least disturbance
effect on the diamond structure (as demonstrated by especially the
P-C1 and P-C2 bond lengths in Table 1). As a matter of fact, the
P-C1 bond is the shortest (1.68 A) when compared with the other
termination situations. The P-C1 lengths for the other termination
situations are 1.75 A (H-termination), 1.74 A (OH-termination), 1.75
(F-termination), 1.77 A (Opi400)> 1.74 A (NH2),and 1.71 A (Oom o

termination). Hence, all surface- -terminating species will result in a
lengthening of the P-C1 bond, as compared with the non-terminated
situation. Notably, all these bonds are shorter than the P-C bonds in
the P(CH,), molecule (1.84 A).

For all investigated systems, the other two P-C bonds (i.e., P-C2 and
P-C3) are longer than the P-C1 bond. As can be seen in Table 1, the
P-C2 lengths are 1.95 A (H-termination), 1.86 A (OH-termination),
1.91 (F-termination), 1.85 A(NH ), 1.78 (non-termination), and 1.75
A (O,,,,-termination). The P-C3 lengths are 1.81 A (H-termination),
1.76 A (OH-termination), 1.78 (F-termination), 1.95 A (Obridge-
termination). 1.76 A (NH2), 1.78 (non-termination), and 1.75 A
(Oontop-termination). For the situation with an Obridge-termination,
the P atom will only bind covalently to two C atoms (which will
be discussed further below). Moreover, it should here be stressed
that there is an appreciable prolongation of the P-C2 bonds (in
relation to the P-C1 and P-C3 bonds) for the various surface
termination situations. With one exception, these bond lengths are
even longer than for the P-C bond in the molecule P(CH,), (1.84 A).
This observation is most probably the result of the excess electron
within the P atom, which will be positioned in an anti-bonding state
within the P-C2 bond. Thus, the P-C2 bond prolongation indicates
a weakening between the P and C2 atom for the situations with

H-, OH-, F-, and NH_-termination). An analysis of the underlying
causes to the bond prolongation (and weakening) for specific surface
terminations, will be further presented and discussed in Section
Spin density analysis.

Doping Formation Energy

The solubility of the P element into the diamond (100)-2x1 surface
lattices will most probably strongly correlate to both the surface
structural geometry (see Section Structural geometries) and surface
reactivities. It has therefore also been investigated in the present
study. The so called doping formation energy has been calculated
by using Eq. 2 [42]:

AEfo'r'm = Edoped surface — Eno'rtd,opeci surface

()
+ nEC - nEP

oved are the total energies for a P-doped and
loped surface nonda ed surface
non-doped dramon(f surface, respectively. n is the number of the
dopants (there are two P-dopants in the diamond models) and £,
are E, the total energies for the carbon and phosphorus dopant,
respectively. [Here, the doping formation energy AE, | is defined as
the energy needed to induce the P dopant into the non- terrnlnated and
differently terminated diamond surfaces]. As can be seen in Table
2, all doping formation energies of the various surface terminating
species are positive. Hence, the process of incorporation of the
P-dopant is endothermic. It is, though noticeable that the doping
formation energy for a non-terminated surface is smaller (5.5 eV)
than that of all the terminated surfaces; O, e (6.8), H(7.3), 0,
(8.1), F (8.1), OH (8.2), and NH, (8.2). For the different terrnrnate(li
surfaces, the order of the formatron energy is, hence, O, . ge SH <
o oniop — F < OH =NH, (see Table 2). Itis thereby possible to conclude
that the adsorbates wrll reduce the stability of the P-dopant in the
diamond surface.

Table 2: Averaged adsorption energies (eV per adsorbates) for both P-doped and non-doped diamond (100)-2x1 surfaces, in

addition to doping formation energies for H-, F-, OH-,O_ -, O, .. -and NH, -terminated surfaces
H F OH bridge NH, —— Clean
Adsorption Energy -4.15 -4.66 -3.95 -5.77 -2.94 -5.50 =
(Non-doped)
Adsorption Energy -4.04 -4.50 -3.79 -5.60 -2.77 -5.34 -
(P-doped)
Doping formation energy 7.29 8.05 8.16 6.80 8.19 8.05 5.49

As can be seen from Table 1 and 2, the results for the non-terminated
diamond surface show a strong correlation between the smallest
obtained doping formation energy and the least doping-influence
on the structural geometry. Moreover, the smallest formation energy
for the various terminated surfaces (i.e., for the O, . dge-termination)
can be coupled to the situation where P is covalently bonded to
three C atoms only. For the other termination situation, there is
no obvious correlation between geometrical structure and doping
formation energy.

Spin Density Analyses

Spin density calculations give information about differences
betweenaand Belectron spin densities (i.e. spin up versus spin down)
in the system under investigation. Hence, these calculations can
give further information about the effects by P-doping for various

diamond surface terminations. Spin density maps for all P-doped
systems (i.e., for the different surface terminations), are plotted in
Figure 3. These spin density maps make it possible to visualize the
electron spin distribution all over the models. As a result, for most
of the terminated systems (with an exception for O-termination),
the iso surfaces of spin density are concentrated around the P atom
and its binding C atoms. Thus, it is possible to conclude that the
effects by the P-dopant are quite local for these specific termination
situations, and that the unpaired electron within P will partially
move from the P-dopant to its binding C atoms. As can be seen in
Fig. 3a and 3b, there is no spin density on the P-dopant, or within
the P-C bonds, for the P-doped diamond surface with non- or O, ontop”

termination. The extra electron from P has partially moved up to the
surface carbon atoms. And for the O__-terminated surface, extra
electron density has even moved up o nearby positioned surface
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C atoms, C=0 bonds and terminating O atoms, respectively. Thus,
there is no observed anti bonding tendency between the P-dopant
and its binding C atoms for either the non-terminated or the O -
terminated surface. This explains the occurrence of shortened P-C
bonds for both specific termination situations, as compared with
the other termination conditions (see Table 1). As mentioned above,
for the other terminating scenarios (except for the O, . dge—terminated
surface), the vicinity of the P-dopant shows a strong spin density. It
can be seen from Figure 3 c-f that the direction of this spin tendency
is toward the position of the smallest steric repulsion with respect
to the C atoms. In addition, the extra electron density induced by
the P-dopant has also been found to partially transfer to its binding
carbon atoms, and thereby to weakening the P-C bonds and cause
a bond elongation (see Fig. 1). For the situation with an Obridge-
terminated surface, the paired electrons in the P dopant will not
cause any spin density on the P atom. However, the C2 atom in the
structure that is not binding to any P atom will have one unpaired
electron, which can be visualized as a quite strong spin density
(see Figure 3g).

Figure 3: Spin density maps for the supercell models of P-doped
diamond (100) surfaces with (a) non-, (b) Oomop-, (c) H-, (d) F-, (e)
NH,-, (f) OH-, and (g) O, , dge—termination, respectively. The spin
density isosurfaces (of value 0.05/A), are demonstrated by yellow
spheres for all six plots. The H, P, C, O, F and N atoms are shown
in light grey, pink, grey, red, green and blue, respectively.

Chemisorption Energies for Attachment of Surface Terminating
Species

One way to determine the surface reactivity is to calculate the
chemisorption energy for some specific model adsorbates. Within
the present investigation, the chemisorption of H, F, O, ,, , Oomop, OH
and NH,, respectively, onto P-doped diamond (100)—fx1 surfaces
have been studied in order to elucidate the effect of P-doping on
the reactivity of this specific surface. Each of these adsorbates is
most frequently used in processes like diamond growth, surface
functionalization and modifications (as presented in the Introduction).
It is therefore of largest interest to investigate more in detail the
effect of P doping on the surface reactivity of towards these specific
species. The averaged adsorption energies of H, OH, F, O O

bridge’ "~ ontop

and NH, have in the present study been calculated by using Eq. 3;

1
Eads.av_g = n [Esurfm:e — Epare—sur — nEn] (3)

Where £ . is the total energy of the terminated surface, £,
is the totalf energy of a clean (i.e., non-terminated) surface, n is
the number of a specific terminating species within the super-cell,
and is the total energy of the adsorbing gas-phase species (i.c., H,
F, O,.,... OH or NH.). This averaged value will give information
about the more global effect by the P dopant (i.e., on the whole

surface within the super cell). As can be seen in Table 3, the different

numbers are negative, so the adsorption reactions are exothermic.
Moreover, the adsorption energy for the P-doped surface is larger
than for the non-doped scenario (i.e., less exothermic). Hence,
doping with a P element will both induce a geometrical surface
disruptor and a decrease in diamond (100)-2x1surface reactivity.
It should though be mentioned that the differences in adsorption
energies (for all termination types investigated) between the P- and
non-doped diamond surfaces are quite small (of less than 0.2 eV).
Thus, there is no significant global effect by the P dopant on the
adsorption energy for the adsorbates.

Table 3: Presentation of band gap donor and acceptor states
for P-doped surface-terminated diamond (100) surfaces.
The surfaces are terminated with H, F, NH,, OH, and O, ,, ,
respectively. All values are given as beneath the CBM for the
diamond surface. (The values are given in eV)

H F NH, OH Oyria
ridge

24 24 2.3 2.3 4.1

Donor level 1.7, 1.0 1.0 1.0, 2.4,
Acceptor levels

1.0, 0.8, 2.3,

0.3 0.7, 1.0,

0.6, 0.8,

0.3

For both the non-doped and P-doped situations, the order of
adsorption energy was calculated to be O, , gze <Oy <F <H<OH <
NH, (see Table 2). This order agrees very well with earlier studies for
non-, N-, and B-doped diamond (100)-2x1 surfaces [43]. Hence, the
(O dge—termination resulted in the strongest adsorption. Furthermore,
due to strong steric repulsions between the relatively large OH and
NH, adsorbates, respectively, these two terminating groups give
the smallest adsorption binding conditions. The adsorption energies
for all species are; -5.8 (O, dge), -5.5 (Oomop), -4.7 (F), -4.2 (H), -4.0
(OH), and -2.9 (NH,) eV for non-doped diamond, and -5.6 (Obridge),
-5.3 (Oontop), -4.5 (F), -4.0 (H), -3.8 (OH), and -2.8 (NH,) eV
for P-doped diamond. There was no obvious correlation observed
between these chemisorption energies and the doping formation

energy (see Table 2).

Electronic Structures

General

P-doped diamond is an n-type semiconductor. The phosphorous
atom has five valence electrons, which is one more than for the
carbon atom. Thus, the excess electron in phosphorous would act
as a donor within the diamond lattice. This donor level, which for
intrinsic bulk diamond lies around 0.6 eV below the conduction
band minimum (CBM), will offer electrons to be available for
the excitation to the conduction band [44]. Thus, the P dopant in
diamond will decrease the band gap of bulk intrinsic diamond.
Moreover, when increasing the P-dopant concentration, the donor
band will be broadened. It is assumed that P-doping will show a
similar effect on the electronic structure for also the surfaces of
diamond. The expected changes in the electronic states, induced
by phosphorous doping in an H-terminated diamond (100)-2x1
surface, are schematically shown in Figure 4 (where the valence
and the conduction bands are also shown).

Adv Nanoscie Nanotec, 2019

www.opastonline.com

Volume 3 | Issue 3 | 5 of 10


https://www.opastonline.com/

E A
cB
Evac
P-donor states
4.2eV
VB
(100)2X1 withH  P-doped (100) 2X1 with H

Figure 4: Schematic illustration of the effects of a P-dopant on
the H-terminated (100)-2x1 diamond surface. The valence band
is represented in blue, the conduction band in yellow, and the
phosphorous dopant donor state in red

Figure 5(i) show the Density-Of-States (DOS) for a model describing
the non-doped and H-terminated diamond (100)-2x1 surface. [The
surface carbon layer (i.e., Cl) is included in this C DOS spectra.
More over, the Fermi level is aligned to 0 eV]. It should here be
mentioned that the DOS spectrum of the bulk-like region of the
model indicates the middle part of that specific model (i.e., C atomic
layers 10 and 11 (Fig. 1). The DOS spectrum of this middle part is
shown in Fig. 5(iii). For comparison, the DOS spectrum of intrinsic
bulk diamond is also shown in Fig. 5(iv). When comparing the band
gap regions in these figures, the DOS for the bulk-like part of the
non-doped diamond surface, with H-termination, is quite similar to
the DOS spectra of intrinsic diamond. This is in fact the situation
for termination with also the other species; F, OH, NH,. O, . gz and
0O,,.,- Hence, the DOS’s of the middle part of all the models used
in the present study have converged to that of bulk diamond, which
indicates that these models are sufficently large in order to simulate
both the surfaces and their respective bulk part of diamond. This
is a result that is very important for the calculations of diamond
surface work functions (see Section Work functions for non-doped
and P-doped diamond surfaces).

— total

(i)

g—senw [ 50 T s
— spin down|

i
(il

30 25

Energy(eV)

Figure 5: DOS spectra for (i) an H-terminated non-doped diamond
(100)-2x1 surface, (ii) an H-terminated P-doped diamond (100)-2x1

surface, and (iii) the bulk of intrinsic diamond. Red line: pDOS of
spin up; blue line: pDOS of spin down; black line: total pDOS (i.e.
the sum). The spin up and spin down pDOS’s are overlapping in (ii).

As can be seen in Figs. 5 and 6, there are, with only few exceptions,
DOS peaks located within the band gap regions for the non- and
P-doped diamond (100) surfaces with various surface terminations.
Figures 6a shows the DOS spectra for non-doped and F-, OH-, O, _, -,
Oomop— and NH,-terminated diamond (100) surfaces, respectively. The
P-doped counterparts are shown in Figures 6b. As was the situation
with an H-terminated diamond surface, it is the surface C layer that
is included in these DOS spectra. No additional peaks have been
observed when including C layers further down in the lattice (i.e.,
C1 to C9).
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Figure 6: Various carbon partial DOS (i.e., pDOS) spectra for (a)
non-doped, and (b) P-doped diamond (100)-2x1 surfaces.[ The upper
three layers of carbon have been included in these DOS spectra] For
both non- and P-doped type, the various pDOS spectra show from
top to down: a diamond surface terminated with (i) F, (ii) OH, (iii)
Obridge, (iv) Oontop and (v) NH2, respectively. Black line: total
DOS (i.e., all atoms).; red line: pDOS of spin up electrons; blue line:
pDOS of spin up electrons. The spin up and spin down pDOS’s are
overlapping in (b).

It is a well-known fact that the band gap will be underestimated
when using DFT calculations, and the present method shows that
the calculated band gap for bulk diamond is 4.6 eV, which is to be
compared with the experimental value of 5.5 eV (see Fig. 5(iv)).
However, it must here be stressed that we are not in this investigation
interested in absolute numbers, but instead in trends. Hence, we
assume that the in Section Methods and methodology presented
DFT method is possible to use in the present study.

Band Gap States for Non-Doped Diamond (100) Surfaces

For almost all of the variously terminated non-doped diamond (100)
surfaces, band gap states are observed that cannot be found for
intrinsic bulk diamond. These additional peaks are most probably
induced by the respective surface (i.e. with a specific surface
termination). For the F-terminated surface there is no visual evidence
for band gap states (see Fig. 6(i). On the other hand, termination with
H, OH, NH, and O, , dee show clear evidences for band gap states.
For the H-terminated surface, very weak DOS peaks occur at 2.4,
2.0, 0.9 and 0.6 eV beneath the CBM level (Fig. 5(i)). Moreover,
for the OH-terminated surface, one very weak peak occurs at 1.1
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eV beneath the CBM level (see Fig. 6(ii)). In addition, the Obridge-
terminated surface shows a strong C peak at approximately 0.9
below CBM (Fig. 6(iii). Finally, very weak peaks occur at 2.3, 1.8.,
1.4, and 1.0 eV beneath the CBM level for the situation with an
NH2-terminated surface (Fig. 6(v)). These band gap states are only
distinctly observed when analysing the DOS spectra for the surface
C atoms (i.e., for C atoms in carbon layer 1). Moreover, they are are
hardly noticed for deeper lying C layers in case of an H-terminating
surface, and not observed at all for deeper lying C layers in case of
an OH-, NH,- and Obridge-terminated surface, respectively. This
observation is expected since it is preferably the C atomic layer that
is mostly affected by the surface-terminating species.

Termination with O species shows another type of scenario. A
completely different electronic structure in the region of the band
gap can for this termination type be observed. In contradiction to
the other surface termination types, the band gap has here decreased
to a value of approximately 0.7 eV for C atoms in the closest
vicinity to the surface (Fig. 6(iv). In addition, there is no visible
band gap state within this narrow band gap. This specific result
cannot only be attributed to type of surface-terminating species,
but also to the fact that the diamond surface structure is of type
(100)-1x1 (in contradiction to the other surface termination types
for which the diamond surface is of type (100)-2x1). In short, the
band gap structure for anon-doped O__ -terminated diamond (111)
surface gives evidence of a high probaf:))ility for surface electronic
conductivity. This is an observation that also has been made earlier
by the present authors [43, 45].

Band Gap States for P-doped Diamond (100) Surfaces

In addition to the band gap states observed for non-doped diamond
(100), also P-doped surfaces with their specific terminations will
show specific DOS patterns within the diamond band gap. It was
found above (Section Band gap states for non-doped diamond (100)
surfaces) that the band gap states of non-doped diamond surfaces
are most probably induced by the respective surface termination.
However, those peaks are found to be too weak to be visible in the
DOS for the corresponding P-doped surface (see below). Hence, the
effect by surface termination on the DOS spectra cannot be observed
for the P-doped diamond surfaces.

The DOS spectra for the P-doped and F-, H-, OH-, NH -, O, . i and
0, ,-terminated diamond (100) surface, respectively, are shown in
Figures 5(ii) and 6b. For the situation with H-, F- or NH,-termination
(Figs. 5(i1), 6b(1), 6b(iii)), all of these scenarios have two large peaks
(i.e. band gap states) in common; at 2.4 and 1.0 eV beneath the CBM
of the diamond surface. The former peak is filled with electrons,
whilst the latter is unfilled. Moreover, all of the C peaks coincide
with the P peaks in the band gap. This is most probably due to the
hybridization of orbitals between the covalently binding P and C
atoms. It is the excess electron in the phosphorous atom that will
create the donor level at 2.4 eV beneath the CBM. Since this peak
level is the highest occuped level for the P-doped diamond (100)
surfaces, the Fermi levels for the variously terminated diamond
(100) surfaces have been shifted upwards towards the CBM levels.
The lower-lying peak (i.e., 2.4 eV below CBM) is thus positioned at
the Fermi levels of the diamond surfaces, and the higher positoned
peak at 1.0 eV below CBM is positioned above the Fermi-levels.

There is also one additional (very weak) diamond band gap peak
observed for the OH-termination (Fig. 6b(ii)). This peak is empty

and located 0.7 eV below CBE. As was the situation for the other
band gap states, also this peak can be observed both in the C DOS
spectrum and the P DOS spectrum.
The situation with a P-doped and O, , dge—terminated diamond surface,
was found to be completely different as compared with the H-, F-,
NH2-, and OH-terminated surfaces. There was one additional large
peak observed just above the VBM level (with 0.8 eV, or 4.1 eV
beneath the CBM) (Fig. 6b(iii)). There are, hence, three large peaks
positioned within the diamond surface band gap for this specific
surface termination, out of which the lowest positioned one (at 0.8
eV above the VBM) is being filled. The underlying cause to the
extraordinary position of this peak is the situation with only three
covalent P-C bonds for the O, dgc—terminated surface (as presented
and discussed in Section Structural geometries). The reason is most
probably that the phosphorous atom in this specific bonding situation
will have an electron pair, and as such will lose the capacity to offer
one n-type donor electron.

The situation with P-doping and O_ ~termination is completely
different as compared with the corresponding non-doped scenario,
and with the other termination types. As can be seen in Figure 6b(iv),
the diamond surface has now become electronically conducting.

Work Functions for Non-Doped and P-Doped Diamond Surfaces
The combined effect by P-doping and surface-termination on the
electronic states within the diamond (100)-2x1 band gap has above
been shown to predominantly affect electronic structure and is
thereby important for the usage of diamond as a cathode electrode
in various electronic devices. More specifically, a thermionic energy
converter is an example of an electronic application which requires
a lower work function of the electrode material of interest. Thus,
the magnitude of the work function for P-doped diamond is quite
crucial for the specific usage in thermionic energy converters, and
more generally in potential electronic devices. Within the present
study, the work functions for non-doped and P-doped diamond
surfaces, with different surface terminations, have been calculated
by using the Dmol, program from BIOVIA. As shown in Table
4, the work function was found to be largely affected by both the
surface termination and phosphorous doping. As compared to non-
terminated and non-doped diamond surfaces, termination of these
surfaces will have a strong impact on the surface work function. The
H-, NH_- and OH- terminated surfaces show smaller surface work
functions as compared to the non-terminated scenario; 3.62 eV (H),
3.48 eV (NH,), 4.51 eV (OH) vs. 4.94 eV (Non-termination). The
work function for the H-terminated surface (3.62 eV) is in agreement
with experimental results (4.20 eV at 50 °C) [46]. Experimental
observations have also shown that the H-terminated (100)-(2x1)
surface will have a work function that is approximately 1.5 eV lower
than the work function for the non-terminated (100)-(2x1) surface
[47]. This is most probably due to the smaller electronegativity
value of the H atom (2.20), as compared to the C atom (2.55) [40].
The H adsorbates on the diamond surface will thereby form a C-H)
dipole. The NH, and OH adsorbates, which both have smaller
electronegativity than C, will form similar dipoles on the diamond
surface. These dipole surfaces have earlier been shown to give an
impact on the reduction of the surface work function [48]. In the
present investigation, the following order of work function was
obtained for H-, NH,- and OH-termination; OH (4.51eV)>H (3.62
eV) > NH, (3.48 ¢V). NH2-terminated and non-doped diamond
(100)-2x1 surfaces will show the smallest surface work function.
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For the situation with F- and O-termination, both F atom and O
atom have larger electro negativities than C; 3.98, 3.44, and 2.55,
respectively. Thus, the calculated work functions for the situations
with F-, Obridge-, and Oontop- terminations are 8.02, 6.75, and
8.21 eV (as compared with 4.94 for the non-terminated diamond
surface). These values are similar to experimental results that have
shown that the work function for an F-terminated diamond (100)
surface is 7.24 eV, and for the O-terminated diamond (100) it is 6.4
eV [49]. Hence, out of all termination species used in the present
study, surface termination by NH, will result in the smallest work
function. The order of work functions for all species is; Oontop
(8.21 eV) > F (8.02 eV) > Obridge (6.75 eV) > OH (4.51 eV) > H
(3.62eV)>NH, (3.48 eV).

Table 4: Presentation of calculated surface-related work
functions for non-and P-doped diamond (100) surfaces. These
surfaces are either non-terminated or terminated with H, F,
NH,, OH, Obridge and Oontop, respectively. (The numbers
are given in eV)

clean H F NH, OH Om 0,..
4.94 3.62 8.02 348 4.51 6.75 8.21
4.86 1.40 5.27 1.30 2.22 5.56 7.80

Non-doped diamond (100) surfaces
P-doped diamond (100) surfaces

The effects of a P-dopant on the surface work function are also shown
in Table 4. It is quite clear that the surface work function has, for each
termination type, been reduced dramatically when substitutionally
doping the diamond (100) surface with P. The values for the work
functions are 7.80 (O ) 5.56 (O, ]dge) 5.27 (F), 2.22 (OH), 1.40
(H),and 1.30 (NH,) eV foraP- doped surface, as compared with 8.21
(Oypyp)> 675 (Obrlcl ), 8.02 (F),4.51 (OH), 3.62 (H), and 3.48 (NH,)
when' using a non-doped surface. It has also been experlmentally
verified that a P-doped diamond surface will have a quite low
work function (of 0.9 eV) [50]. The explanation to the fact that
P-doped diamond surfaces will have a lower work function is that
the phosphorous dopant will, with one exception, offer donor states
just below the conduction band minimum of the diamond (100)-
2x1 surface. These new states will shift the Fermi level upwards
and closer to the vacuum level. Thus, P-doped diamond surfaces
show smaller work functions than the non-doped scenarios. For the
situation with an O, dge-terminated diamond surface, the P dopant
will induce a donor level that is closer to the VBE of the diamond
surface. Hence, the P-doped O, dgc—tenninated diamond surface is
also here shown to have one of the largest work functions.

Summary and Conclusion

The main purposes with the present theoretical investigation have
been to study the combined effect of P-doping (substitutional)
and surface termination on the geometrical stabilisation, surface
reactivity and band gap electronic states of the diamond (100)
surface. The calculations were based on an ultra-soft pseudo potential
DFT method under periodic boundary conditions. The terminating
species include H, F, OH, 0 O and NH,.

ontop bridge

The P dopant was found to give an impact on the geometrical
structural of the diamond surface. With one exception, a marked
bond lengthening was observed for one of the four P-C bonds in the

respective system with different types of surface termination. This
is most probably the result of the extra electron within the P atom,
which has been positioned in an anti-bonding state within the specific
P-C bond. Thus, the longer bond length indicates a weakening in
one of the four P-C bonds. Compared to these bond lengthening
situations, there is a different situation for the O, . -terminated
surface were three valence electrons within the phosphorous atom
preferred to form three bonds with the neighbouring carbon atoms.
Hence, the P atom in the O, ,, -terminated surface will only bind
to three C atoms, whilst P bmés to four neighbouring C atoms for
the other surface-termination situations.

Moreover, the process of incorporation of the P-dopant into the
diamond lattice was found to be endothermic. Hence, substitutional
P-doping is to some extent energetically unfavourable. This result
is understandable since quite a large restructuring of the surface
geometry was found in the vicinity of the P dopant. The smallest
formation energy (i.e., least endothermic process) was found for the
situation where P is covalently bonded to three C atoms only (i.e.,
forthe O, , -termination) For the other termination situations, there
was no 0bv10us correlation observed for the geometrical structure
and doping formation energy. However, the calculations showed
that the adsorbates will reduce the stability of the P-dopant in the
diamond surface. For the different terminated surfaces, the order
of formation energy became; O, e (6.8)<H (7.3)< OU (8.1)=F
(8.1) <OH (8.2) =NH,(8.2) kJ/mol (i.e. OH- and NH, “termination
results in the most unfavourable geometrical structure). Spln density
calculations were found to strongly support the geometrical findings.
There was no observed spin-density (and, hence, anti-bonding
tendency) between the P-dopant and its binding C atoms for the
O,,.-terminated surface. This explains the occurrence of relative
short P-C bonds for this specific termination situation. For the other
terminating scenarios (except for O, ., -termination), there were
a strong spin density in the vicinity of the P- dopant with a partial
transfer of electron density to its binding carbon atoms. This explains
the bond lengthening for one of the four P-C bonds in the respective
system. For the situation withan O, " -terminated surface, the paired
electrons in the P dopant did not cause any spin density. Instead,
the neighbouring C that didn’t bind to the P atom had one unpaired
electron which was visualized as a quite strong spin density.

The calculated adhesion energies for the different surface terminating
species were found to be useful as a tool for determining the surface
reactivity. The P dopant had a very minor influence on the adsorption
energies, so the trend in averaged adsorption energy was for both
non- and P-doped diamond: O, ,, . (-5.8,-5.6) OOm (-5.5,-5.3)<F
(-4.7, -4.5) <H (4.2, 40)<Ol—i(40 -3.8) <NH(29 -2.8) kJ/
mol. Hence, the most exothermic chemisorption took place for the
Obridge species, and the least for the NH, species. In addition, this
trend in adsorption energy was found to be identical to the order
of doping formation energy: O, . ige (6.8)<H (7.3) <O, o (8.1)=F
(8.1) <OH (8.2) =NH(8.2) kJ/mol. In summary, problem with
substitutional doping w1th P into the diamond (100) surface lattice
correlates well with a smaller surface reactivity.

Phosphorous doping and surface termination were shown to induce
donor and acceptor states in the bandgap of diamond (100), but the
latter to a less extent. For the situation with H-, F-, OH- and NH,-
termination, P doping induced a large donor state and a large acceptor
state at approximately 2.4 eV and 1.0 eV, respectively, beneath the
CBM of the diamond surface. There is also one additional (very
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weak) diamond band gap peak observed for the OH-termination.
This peak is empty and located 0.7 eV below CBE. On the contrary,
P doping induced three major states for the situation with O, . i
termination; one donor state that was situated 4.1 eV below CBM,
and two acceptor states that were situated 2.4 and 1.0 eV beneath
CBM. The underlying cause to the extraordinary position of this
peak is the situation with only three covalent P-C bonds for this
specific termination type. Moreover, the diamond surface has become
electronically conducting when using Oomopftermination (i.e. no
band gap).

For almost all of the variously terminated non-doped diamond (100)
surfaces, band gap states were observed that cannot be found for
intrinsic bulk diamond. There were no band gap state observed for
the F-terminated surface. For the H-terminated surface, very weak
DOS peaks occur at 2.4, 2.0, 0.9 and 0.6 eV beneath the CBM level.
Moreover, for the OH-terminated surface, one very weak peak occurs
at 1.1 eV beneath the CBM level. In addition, the O, . -terminated
surface shows a strong C peak at approximately 0. 9 }Below CBM.
Finally, very weak peaks occur at 2.3, 1.8., 1.4, and 1.0 eV beneath
the CBM level for the situation with an NH,-terminated surface.
Termination with O_ = species shows another type of scenario.In
contradiction to the other surface termination types, the band gap
has here decreased to a value of approximately 0.7 eV. In addition,
there is no visible band gap state within this narrow band gap.
This specific result cannot only be attributed to type of surface-
terminating species, but also to the fact that the diamond surface
structure is of type (100)-1x1. In short, the band gap structure for a
non-doped O, —termmated diamond (111) surface gives evidence
of a high probabrlrty for surface electronic conductivity.

These results show that the combined effect of P-doping and surface-
termination on the electronic states within the diamond (100) band
gap will predominantly affect the diamond surface electronic
structure and is thereby important for the usage of diamond as a
cathode electrode in various electronic devices. More specifically,
doping with P will make it possible for the diamond surface to
undergo, e.g., photo catalytic excitation from the P donor state to
acceptor states in the vicinity of the CBM of diamond (100).

A thermionic energy converter is an example of an electronic
application which requires a lower work function of the electrode
material of interest. Hence, the effect of surface termination and
P-doping has also been studied in the present investigation. It was
found that the adsorbates will have a strong effect on the surface
work function, as compared to the non-terminated surface. The
order of work functions was found to be; Oontop (8.21)>F (8.02)
O,ec (6.75)>0H (4.51) >H(3.62)>NH,(3.48) eV. Moreover, the
urface work functions were further dramatically reduced when
substitutionally doping the diamond (100) surface with P, with the
resulting order; O (7 80)>Obridge (5.56)>F (5.27)> OH (2.22)>H
(1.40)> NH,(1. 30) V.
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