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To elucidate the effects of physisorbed active ions on the geometries and electronic structures of
hydrogenated diamond films, models of HCO3;, H30", and OH™ ions physisorbed on hydrogenated
diamond (100) surfaces were constructed. Density functional theory was used to calculate the ge-
ometries, adsorption energies, and partial density of states. The results showed that the geometries
of the hydrogenated diamond (100) surfaces all changed to different degrees after ion adsorption.
Among them, the H3OV ion affected the geometry of the hydrogenated diamond (100) surfaces the
most. This is well consistent with the results of the calculated adsorption energies, which indicated
that a strong electrostatic attraction occurs between the hydrogenated diamond (100) surface and
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H307 ions. In addition, electrons transfer significantly from the hydrogenated diamond (100) sur-
face to the adsorbed H3O™ ion, which induces a downward shift in the HOMO and LUMO energy
levels of the H3O™ ion. However, for active ions like OH™ and HCOj, no dramatic change appears
for the electronic structures of the adsorbed ions.
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1 Introduction

Diamond films exhibit a high surface conductivity af-
ter exposure to hydrogen plasma, a phenomena first dis-
covered by Landstrass and Ravi in 1989 [1]. Because of
this intriguing behavior, along with intrinsic biocompat-
ibility, excellent chemical inertness, a wide electrochem-
ical window, and good thermal conductivity, diamond
films have attracted much attention. Based on these var-
ious attributes, some electronic and bioelectronic devices
based on hydrogenated diamond films have been devel-
oped in recent years [2, 3].

The high surface conductivity of hydrogenated dia-
mond films was initially attributed to shallow surface
acceptors, which may arise from surface C-H moieties [4]
or subsurface hydrogen atoms [5]. However, many subse-
quent experimental and theoretical studies failed to sup-
port this hypothesis [6-8]. Consequently, a “transfer dop-

ing model” proposed by Maier [9] is widely used to inter-
pret the surface high conductivity of the hydrogenated
diamond film. The model presumes that hydrogen ter-
mination is necessary but not sufficient for high surface
conductivity. Instead, a thin water layer physically ad-
sorbed on the hydrogenated diamond surface, which ef-
fectively constructs a tiny electrochemical system, is es-
sential for high surface conductivity. Electron transfer
would consequently occur at the interface between the
hydrogenated diamond surface and the active ions in the
water layer. The active ions in the thin water layer could
include HCOj [9, 10], H30™ [9, 11], and so on, which are
normally produced when certain gas molecules such as
CO3, Oo, or Ns dissolve in water. Based on this “transfer
doping model,” some high surface conductivity phenom-
ena for several different molecules physisorbed on hydro-
genated diamond surfaces when exposed to air were well
interpreted [11, 12]. However, the mechanism of electron
transfer between the various active ions in the water layer
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and the hydrogenated diamond surface is far from clari-
fied. The effects of the adsorbed active ions on the surface
conductivity of the hydrogenated diamond film are worth
investigating explicitly so as to guide the development of
higher sensitivity ion sensors.

In this work, models of the original hydrogenated (100)
diamond surface and the hydrogenated (100) diamond
surfaces individually adsorbed with HCOj3, H3O0%, and
OH™ ions were established. The selected HCO3 , H;0™T,
and OH™ ions are all common active ions existing in the
adsorbed water layer [9-11]. The equilibrium geometries,
adsorption energy, and partial density of states (PDOS)
corresponding to different adsorption models were stud-
ied by using the first-principles method based on density
functional theory. According to the calculation results,
the effects of the adsorbed active ions on the surface
conductivity of the hydrogenated diamond film were dis-
cussed.

2 Computational methods

All calculations in this work were carried out using
CASTEP codes based on density functional theory. The
electron-ion interaction was described by ultrasoft pseu-
dopotentials and general gradient approximation (GGA)
by Perdew-Burke-Ernzerhof (PBE) was employed for the
exchange-correlation potentials [13]. Optimization of the
atomic coordinates continued until the total energy con-
verged within 1076 eV /atom. The iterative calculation
of the Kohn-Sham eigenstates was terminated when the
eigenvalues were converged within 10~¢ eV /atom.
Monolayer hydrogen atoms adsorbed on diamond
(100) surface with 2x1 reconstruction was adopted as the
hydrogenated diamond (100) surface for its most stable
configuration, as reported elsewhere [4, 6]. The diamond
surfaces were modeled as a finite slab consisting of six
layers, each having nine C atoms. At the top and bot-
tom of the slab, the C atom layers were covered with one
layer of hydrogen atoms. To avoid repulsive interactions,
a vacuum layer with a 15 A thickness of was adopted
[14]. All of the atoms except the bottom two layers of C
atoms were allowed to relax freely during calculations.
To calculate the total energies of the adsorbed ions, the
models of a single ion in a vacuum box with the size of
15%x15x15 A were constructed. For the models of adsor-
bates on the hydrogen-terminated diamond surface, the
optimized ions physisorbed on the optimized 2x1 recon-
struction diamond (100) surface were constructed. For
the adsorption models, wave functions were expanded
into plane waves up to a cutoff energy of 320 eV. Con-
cerning the Brillouin-zone integrations, a 4x4x1 grid of
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Monkhorst-Pack k-point sampling was used. For the sin-
gle ion, the wave functions with a cutoff energy of 340
eV and a gamma Monkhorst—Pack k-point sampling grid
were adopted.

3 Results and discussion

Table 1 shows the equilibrium geometries of the hy-
drogenated diamond (100) surfaces after adsorption
with different ions. C(100)-H, C(100)-H OH~, C(100)-H
HCOj, and C(100)-H H3O™ represent the configurations
of the original, OH™, HCO;, and H30™ ion physisorbed
onto a hydrogenated diamond (100) surface, respectively.
The rcpg is the surface C-H bonding length and rqimer
represents the bonding length of the surface C-C dimer.
The O_c_c) value represents the angle between the
surface C-H bonding and the C-C dimer. The S;; is the
interlayer space distance between the neighboring i and j
carbon layer. By using the calculation parameters men-
tioned above, the geometries of the original C(100)-H
configuration quantitatively agree with those from other
reports [4, 6, 15, 16]. This verifies the reliability of the
calculations presented here. The calculation results re-
vealed that compared with the original C(100)-H surface,
the surface geometries all change to different degrees af-
ter adsorptions of various ions. The relaxation can ex-
tend to the top three carbon layers of the diamond sur-
face. Among the values, the rcy for all the ion-adsorbed
diamond surfaces is in the range of 1.101 to 1.104 A,
which alters slightly compared to the original, non-ion
adsorbed value (1.103 A) For 7qimer and 0(y_c—c), they
are 0.002 A and 0.109° larger for the C(100)-H OH~
than those of the original configuration, respectively. No
change was seen for rqimer, and H(H_C_C) is 0.138° larger
for the C(100)-H HCOj5 relative to those for the C(100)-
H. In contrast, the rgimer and the 6y_c_cyfor C(100)-
H H30" exhibits the most significant change, 0.004 A
longer and 0.359° larger than those of the original con-
figuration, respectively. The relaxation of the interlayer
spaces also shows a similar tendency. The significant
change of configuration parameters for the hydrogenated
diamond (100) surface reflects the strong relaxation af-
ter the H3O™ adsorption. It follows that much stronger
interactions occurs between the hydrogenated diamond
(100) surface and the H3O™ ion. As for the adsorbed
ions, except for the intact structure of the OH™ ion, the
configurations of the other two ions both vary to differ-
ent extents after adsorption on hydrogenated diamond
(100) surfaces; this arises from the various action forces
from the hydrogenated diamond (100) surfaces.

To further elucidate the interactions between the hy-
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Table 1 The geometries of hydrogenated diamond (100) surfaces adsorbed with different ions.

Configurations C(100)-H C(100)-H OH~ C(100)-H HCO C(100)-H H30*
ren(A) 1.103 1.104 1.101 1.102
Fdimer (A) 1.622 1.624 1.622 1.626
OH-c-0) (®) 113.119 113.228 112.883 113.477
S12(A) 0.811 0.810 0.804 0.802
Sas(A) 1.002 1.003 1.005 1.008

drogenated diamond (100) surface and the physisorbed
ions, the adsorption energies between the surface and
ions were also investigated according to the following
formula [11]. In Eq. (1), Esurface and FEadlayer are the
energies of the hydrogenated diamond (100) surface and
individual ion, respectively. The Eg face/adlayer PaTame-
ter represents the total energy of adsorption in the sys-
tem. The AFEaqsorption Tepresents the adsorption energy,
which is the difference between the Eg face/adlayer and
the sum of the Egyrtace and Eudiayer-

AEadsorption = Esurface/adlayer - (Esurfacc + Eadlaycr)

The adsorption energies corresponding to the C(100)-H
OH~, C(100)-H HCOj3, and C(100)-H H3O" are 2.211
eV, 1.725 eV, and -5.558 eV, respectively. These results
indicate that for the negatively charged ions the adsorp-
tion energies are positive, demonstrating a repulsive force
between the hydrogenated diamond (100) surface and
the adsorbed ions. In contrast, for the H3O™T ion, the
adsorption energy is negative, revealing a strong elec-
trostatic attraction between the hydrogenated diamond
(100) surface and the adsorbed ion. This electrostatic
attraction can be attributed to the negative electron
affinity of the hydrogenated diamond (100) surface [17,
18], which would certainly repel ions of the same sign of
electric charge and attract ions of the opposite electric
charge. Among the three adsorption systems, the C(100)-
H H30™" model shows the strongest interactions between
the hydrogenated diamond surface and the HzOV ion.
This result is quite consistent with that obtained from
geometrical structure and is in good accordance with the
literature [11]. Such strong interactions may result from
extremely high electron transfer between the diamond
(100) surface and the adsorbed H3O% ion [12]. For the
C(100)-H HCO;3 and C(100)-H OH™ models, the strong
repulsive forces probably cannot induce significant elec-
tron transfer between the hydrogenated diamond (100)
surface and the adsorption ions.

To investigate the electron transfer between the hydro-
genated diamond (100) surface and the adsorption ions,
electron population analyses were studied. This analysis
showed that, compared with the original total charge for
the three adsorption ions (+1 for H3OT ion, —1 for both
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HCO3 and OH™ ions), various electron transfers occur
due to the different coulomb electrostatic forces from the
hydrogenated diamond (100) surface. The sum charge
differences before and after different ion adsorptions are
—0.98e, 0.28e and 0.21e for H;O*, HCO;, and OH™ ions,
respectively. It followed that for the positive ion H3OT,
the electron transfers from the hydrogenated diamond
(100) surface to the adsorption ion. Conversely, for the
negatively charged ions like HCO3 and OH™, electron
transfer occurs from the adsorption ions to the hydro-
genated diamond (100) surface. 0.98e transferred from
the hydrogenated diamond surface to the H3zOV ion,
which is the highest magnitude among the three adsorp-
tion ions. This magnitude of electron transfer has obvious
contributions from the calculated strongest electrostatic
attraction between the interface of the hydrogenated
diamond surface and the H3O" ion [12]. However, our
value for this interaction is much smaller than that of
a previous report, which maybe be attributed to the
mixed species in the adlayer used in the prior work [11].
The Ogs present in the adlayer used in this literature
result may have significant contributions to the electron
transfer between the hydrogenated diamond surface and
the adlayer, which is reported in recent literature [19,
20]. Note that the electron count change of each atom
for the negatively charged ions HCOz; and OH™ ions
are all very slight. However, the electron count changes
of each atom for the physisorbed H3OT ion are rela-
tively dramatic (Table 2). For the H3OV ion, the atomic
charges for three H atoms and one O atom are 0.65e and
—0.95e, respectively. After adsorption on a hydrogenated
diamond (100) surface, the atomic charges for the three
H atoms decreases to 0.31e, approximately 52.3% lower
than that of the isolated ion. However, the atomic charge
for the O atom after adsorption decreases slightly to

Table 2 The detailed atomic charge changes for H3O7 ion after
adsorption (Unit: e).

The composed  Atomic charge Atomic charge Atomic
atoms of of the individual of the adsorptive  charge
H301 ion H301 ion H3071 ion difference

H 0.65 0.31 -0.34
(0] -0.95 -0.91 0.04
116804-3
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—0.91e. Thus, the electrons mainly transfer to the H
atoms of the H3O™ ion from the hydrogenated diamond
surface, resulting in hole accumulation in the diamond
film subsurface.

Figures 1-3 are the PDOS for the OH™, HCOj , and
H30™ ions, respectively. In Figs. 1-3, (a) represents the
PDOS of the individual ions, while (b) represents that
of the adsorbed ions. These results show that after ad-
sorption, the highest occupied molecular orbitals (HO-
MOs) of the OH~ and HCOj ions alter little compared
to the original non-adsorbed ions. For the lowest unoc-
cupied molecular orbitals (LUMOs) of the two ions, be-
sides slight changes of the electron density, the energy
levels of the LUMOs shift upward; this might originate
from the electron transfer from the adsorbed ions to the
hydrogenated diamond (100) surfaces. The injected elec-
trons inevitably passivate the holes in the valence band
of the hydrogenated diamond (100) surface, which would
thus increase electric resistance. In contrast, the HOMO
and LUMO levels of the H30™T ion alter significantly af-
ter adsorption. The energy levels corresponding to the
HOMO and LUMO of the H30V ion both shift down-
wards sharply. This downward shift can be attributed to
the injection of electron to the H3O™ ion from the hydro-
genated diamond (100) surface. Consequently, electron
injection result in hole accumulation in the subsurface
region. Thus, the hydrogenated diamond film exhibits
p-type surface conductivity [21].

From the above discussion, it can be deduced that the
H307 ion in the thin water layer is important for the
high surface conductivity of the hydrogenated diamond
film. The gases that could increase the HO1 concentra-
tion ion after dissolution into water could surely increase
the surface conductivity of the hydrogenated diamond
film. This may be the root explanation for the high sur-
face conductivity of hydrogenated diamond films when
exposed to gases such as NO2 and Oz [22, 23], as well as
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Fig. 1 The partial density of states for the (a) individual and
(b) adsorptive OH™ ion
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Fig. 2 The partial density of states for the (a) individual and
(b) adsorptive HCOj ion.

() 107 —— s obital

g —— p obital

61 — Total DOS
8
a4

) L

T T T T T L T

28 24 20 -16 -12 -8 4 0 4 8 12 f6

(b) 87
6,
8 4
[a)
27 A
S| &
-28 24 -20 -16 -12 -8 *4 0 12 16

Binding energy (eV)

Fig. 3 The partial density of states for the (a) individual and
(b) adsorptive HsOV ion.

the immutability of the high surface resistance of the hy-
drogenated diamond film when exposed to gases like CO4
[24]. Thus, based on the calculation results in this work,
sensors sensitive to various gases that increase H3O% ion
concentration after dissolving into water could be devel-
oped.

4 Conclusion

After adsorption with different active ions into a thin
water layer, the hydrogenated diamond (100) surface re-
laxes to different extents. Among the studied active ions,
the H3O™T ion affects the geometries of the substrate most
significantly due to the strong electrostatic attractions
between the adsorbed ion and the hydrogenated diamond
surface. In addition, electrons transfer significantly from
the hydrogenated diamond (100) surface to the adsorbed
H307 ion, which induces a downward shift of the H;O+
ion HUMO and LOMO. This has certain contributions
to the high surface conductivity. However, for active ions
like OH™ and HCOgj, no dramatic changes appear for

Feng-Bin Liu, et al., Front. Phys. 11(1), 116804 (2016)
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the electronic structures of the adsorption ions.
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