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Abstract. In this paper, we systematically investigated the adsorption character-
istics, electronic structure(DOS), band structure and thermal stability of diamond
surface with Hydrogen terminals. We found that the most stable adsorption per-
formance may occur on (100) surface. The adsorption stability of hydrogen atom
on plane (110) is the second, and the worst on plane (111). A very shallow ac-
ceptor level is introduced through Hydrogen termination, explaining the ideal p-
type diamond characteristics. The stability of the hydrogen terminal structure de-
creases as temperature rises. This structure has deteriorated significantly since
400K, and the instability of the hydrogen-terminated structure on the surface is
the root cause of the decrease in the hole concentration of hydrogen-terminated
diamond at high temperature.
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1 Introduction

Diamond has been extensively studied due to its outstanding properties since the end
of the last century [1-3]. Diamond is not only a superhard material for mechanical cut-
ting, but also a semiconductor material with full potential, and it is even expected to
become the ultimate semiconductor material. Diamond performs extremely well in
power capability and thermal conductivity, far exceeding the related properties of SiC
[4-71.

Doping is a key problem in diamond at present. The performance of bulk doped dia-
mond has not been ideal at present, whether it is single doping (B/P/N/O/S) [8-13] or
co-doping (B-S/Li-N/B-O/B-P/B-N) [14-18]is difficult to achieve shallow doping in
diamond. The low carrier concentration of diamond at room temperature hinders its
wide application [19]. Hydrogen-terminated diamond can form a sufficiently high con-
centration of holes on the surface, which is an important method to realize p-type dia-
mond [20]. At present, hydrogen surface termination can realize the accumulation of
holes on the diamond surface, and the concentration can reach ~10*3 cm at room tem-
perature, which is enough to be applied to realize devices such as transistors [21-22].
The concentration of holes accumulated on the H-terminated diamond surface will de-
crease drastically due to high temperature [23-24], which shows that this p-type doping
method has the defect of high temperature instability. The reason for this phenomenon
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is still controversial. There are currently a series of works to increase the thermal stabil-
ity of H-terminated diamond, mainly through layer deposition at the hydrogen terminal
interface. Kueck et al [25] deposited an AIN thin film by atomic layer deposition (ALD)
at 370<C to maintain 65% of the initial current level. Kasu et al [26] kept the concen-
tration and mobility of H-terminated p-type channel at 230 <C through Al,O3 deposition.
According to our calculations in this paper, the hydrogen-terminated structure will be
structurally unstable at high temperatures(>400K), which may be the key reason why
the surface hole concentration of hydrogen-terminated diamonds decreases at high tem-
peratures. In addition, we further calculated the critical temperature of the hydrogen-
terminated stable structure.

2 Calculation Methods

The geometric characteristics of hydrogen-terminated diamond surfaces have been
studied through periodic slab using density functional theory (DFT). We adopted the
Perdew-Burke-Ernzerhof (PBE) form of the generalized gradient approximation
(GGA) through VASP[27-28], consistent with the setting of our previous work[14-15].
For calculations, the 64-atom supercell of diamond (2>2>2) and the Monkhorst-Pack
grid of KPOINTS (9>9x1) are employed. The cut-off energy of the plane wave is set
to 500 eV. the convergence criterion of the interatomic force is adjusted to 1x<10* eV
after the convergence verification [29].

3 Results and discussion

3.1  Adsorption properties of hydrogen atoms on diamond surface

Surface adsorption characteristics are an important way to describe the stable structure
of hydrogen terminal on the diamond surface[30]. We calculated the surface energy and
desorption activation energy of hydrogen atoms at (100), (110) and (111) diamond sur-
faces. Different crystal planes are achieved by setting different slab directions.
The diamond surfaces were calculated through symmetrically terminated slabs, hence,
including two interfaces. Since the surfaces with suspension keys are very active, hy-
drogen passivation is performed on both such interfaces to ensure the accuracy of the
calculation results.
The surface energy per area is calculated using the following expression[31]:

_ Esiap — Epuik

where Eg,,;, is the total energy of the whole slab containing all Hydrogen atoms and
Carbon atoms, E,,,; is the bulk energy, which here refers to the energy of pure dia-
mond structure, and A is the surface area. Given that there are two interfaces in a slab,
the factor of two in the denominator must be included.
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Hydrogen desorption activation energy is defined as[32]
Edesorp = (Ebulk + Ny - .u-H) — Egap
where E},,; 1S the total energy of the bare diamond surface, E;,;, is the total energy of
the system containing hydrogen atoms, Ny is the number of H atoms on the surfaces,
and uy is the chemical potential of hydrogen, which is calculated by the total energy of
H> molecule.

Table 1 Surface energy and desorption activation energy of hydrogen terminals on dif-
ferent surfaces

Surface type Surface energy(eV/A?) Desorption activation en-
ergy(eV)

(100) -0.23 9.99

(110) -0.19 9.59

(111) -0.11 6.96

In general, the lower the surface energy, the higher the desorption activation energy,
indicating that hydrogen atoms adsorbed more firmly on the surface. Combined with
the calculation results, hydrogen atom has the lowest surface energy and the highest
desorption activation energy on plane (100), which is the most stable adsorption. The
adsorption stability of hydrogen atom on plane (110) is the second, and the worst on
plane (111). Therefore, from the point of view of surface adsorption stability, h-termi-
nated diamond should be selected (100), which is consistent with the results of current
experiments in which (100) h-terminated diamond is used to prepare devices.

3.2 Electronic structure and Band Structure

We have calculated the band structure and total density of states of H-terminated dia-
mond. Credible p-type characteristic is achieved through hydrogen terminal structures,
consistent with experiments results.

It can be seen from the calculation results that there is a very close acceptor energy
level near the top of the valence band, which we believe is the introduction of an inter-
mediate energy level due to the introduction of the hydrogen terminal structure. The
gap between this intermediate energy level and the valence band maximum (VBM) is
so small that a shallow acceptor energy level can be seen, which explains why the hy-
drogen-terminated structure can realize a ideal p-type diamond.
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Fig. 1 Band structure of hydrogen-terminated diamond(a); Total density of
states(TDOS) of hydrogen-terminated diamond(b)

3.3  Thermal stability of hydrogen atoms on diamond surface

Poor thermal stability is a key factor hindering the continued development of H-termi-
nated diamond. It has been found in experiments that the concentration of holes on the
surface of H-terminated diamond will decrease at high temperature. The reason for this
phenomenon is still controversial. We applied ab initio molecular dynamics methods to
calculate the structural changes of hydrogen atoms adsorbed on the surface of (100)
diamond at different temperatures (0K-1000K).

(@) 300K (b) 400K (c) 500K (d) 2000K

Fig. 2 Hydrogen termination structure on diamond surface at different temperatures;
(a) at 300K; (b) at 400K; (c) at 500K; (d) at 1000K

Based on our calculation results, the stability of hydrogen terminal structure deterio-
rates with the increase of temperature. Below 300K, the hydrogen terminal can always
be stably adsorbed on the diamond surface. At 400K, the surface structure begins to
change, and individual atoms emerge from the diamond surface. Considering the lim-
ited duration of molecular dynamics simulation (ps level), this temperature is sufficient
to completely change the morphology of hydrogen terminal on diamond surface in prac-
tical experiments. At 500K, the surface structure of hydrogen terminal is no longer
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stable, and hydrogen atoms have been completely excited out. When the temperature
increased further (over 1000K), the structure of hydrogen terminal on the surface be-
came more chaotic, and the overall flatness and interatomic distance changed greatly.
The change of hydrogen terminal surface structure directly affects the cavity concen-
tration of the whole structure surface. In the high temperature environment, the terminal
structure of hydrogen is no longer stable, and even completely excited ionization oc-
curs, so the concentration of p-type carrier decreases inevitably.

Our calculations validated the poor thermal stability of hydrogen terminations on the
diamond surface. This deficiency is unfavorable for its application in high-temperature
and high-power applications, and technical means such as surface passivation are very
critical for the application of hydrogen terminals on the diamond surface.

4 Conclusions

In conclusion, H-teminated diamond is currently a p-type diamond implementation
method with better performance. The core is to realize the accumulation of holes
through the hydrogen terminal on the surface. According to the calculation of surface
energy and desorption activation energy, we believe that the hydrogen terminal has the
best adsorption characteristics on the (100) surface, followed by the (110) surface, and
the worst adsorption characteristics on the (111) surface. The hydrogen-terminated
structure introduces an intermediate energy level very close to the top of the valence
band, which makes hydrogen-terminated diamonds have shallow acceptor characteris-
tics and can achieve good P-type diamonds. The hydrogen terminal structure remains
stable and complete below 300K; at 400K, individual hydrogen atoms dissociate from
the surface; above 500K, the stability of the hydrogen terminal structure decreases sig-
nificantly, and complete excitation and dissociation occurs. The instability of the hy-
drogen-terminated structure at high temperature may be the fundamental reason for the
decrease of the hole concentration on the surface of hydrogen-terminated diamond at
high temperature. In order to realize the good performance of p-type doping of diamond
at high temperature, it is worth paying attention to the research on improving the sta-
bility of hydrogen terminal or bulk doping. Our calculation results still need to be ver-
ified by future experimental results.
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