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Shallow Donor State Due to Nitrogen-Hydrogen Complex in Diamond
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Based on an ab initio calculation, we propose a possible shallowing of a nitrogen (N) donor in dia-
mond, in contrast to the traditional thinking that it is very deep. A complex defect of N and hydrogen
(H), N-H-N, should be much shallower than an isolated N donor. A qualitative scenario for formation
of the N-H-N defects is presented. The existence of this complex is strongly suggested by a recent
discovery of a new muonium center in N-rich diamond.
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Wide band gap semiconductors are superior to silicon
regarding their electrical properties [1]. Diamond is a very
important wide band gap semiconductor because of its
large energy gap (5.5 eV). Even though diamond is of an
indirect transition type, nonlinear emission of free excitons
appears to occur from synthetic undoped diamond at room
temperatures (RT) [2]. If the population of free carriers
in diamond would be kept sufficiently large by efficient n-
as well as p-type doping, then high-density free excitons
could be prepared in diamond at RT to open a way toward
an application of a diamond pr junction to a light source
operating in the ultraviolet regime [3].

However, there is a serious problem in doping of wide
band gap semiconductors. Either, not both, p- or n-type
doping is much easier than the other [4]. Diamond [5] can
be “efficiently” [6] doped p-type with boron (B) [7]. In
sharp contrast, an efficient n-type dopant in diamond has
not yet been established.

Intuitively, nitrogen (N) at a substitutional site (Ngup
[8]) seems to be a “natural” donor in diamond, from an
analogy to a substitutional phosphorus (Pgyp) in silicon.
In reality, Ny in diamond creates a deep donor state in
the gap, Eq ~ Ecgm — 1.7 eV [9-12]. Thus N has been
traditionally recognized useless as an efficient donor in
diamond. The N’s are observed in several forms [13]
in addition to Ngyp: a pair of adjacent Ngp’s (A center),
four Ny,’s surrounding a single vacancy (B center), and
platelets, none of which have shallow donor states.

The Py, is a representative candidate donor in diamond
(Eq ~ Ecsm — 0.5 eV [14,15]). However, the P incor-
poration into diamond is much less efficient than B dop-
ing [16], and the electron mobility of P-doped diamond
(~200 cm?/V's [17]) is lower than the hole mobility of
the B-doped counterpart (~2000 cm?/Vs [7]). The low
solubility of Py, is due to its high formation energy [10].
The high resistivity results from preferential formation of
complexes of P with a vacancy (V'), which are deep accep-
tors to compensate any donors [18].

066402-1 0031-9007/02/88(6)/066402(4)$20.00

PACS numbers: 71.55.—i, 71.15.Mb, 71.20.-b, 81.05.Uw

In this paper, we challenge the above traditional thinking
of N doping of diamond. Since the N content in diamond
is high, typically ~0.1 atomic per cent (at. %) [19], one
may utilize them rather than try to remove them. Forma-
tion of complexes of N with other impurities is a possible
way to activate the N defects. The experimental feasibility
of defect production must be seriously assessed when se-
lecting the components of the complexes, namely, (i) the
form of N defect (Ng,, A center, B center, or platelet) and
(ii) the element as the counterpart of the N complex. We
select the A center and hydrogen (H) as the ingredients of
the complex [20]. The A centers are very likely to form by
annealing an N-rich diamond [13] (the binding energy is
~4 eV per pair in our calculation). In addition, H is also
abundant in diamond, 0.1 at. % [21,22], similar to N.

On the basis of ab initio calculations, we find that an
N-H-N complex where two Ngyp,’s in the A center sand-
wich H (Fig. 1) exhibits a much shallower donor charac-
ter (Eg’GA = Evgm + 4.42 eV [23]) than an isolated N,

FIG. 1. Optimized structure of the N-H-N defect. Only the C
atoms nearest to the N atoms are illustrated for clarity.
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(ESCA = Eypm + 3.36 eV). We propose a possible sce-
nario leading to generation of the complexes.

We adopt an ab initio theoretical method to study atomic
and electronic structures and also energetics of N defects
in diamond. The electronic structures of defects are calcu-
lated based on density-functional theory [24] within GGA
[23,25] to the exchange-correlation energies. The defect
structure is modeled in a simple cubic supercell with the
edge being 7.162 A long. The wave functions are ex-
panded in plane-wave basis sets up to 25 Ry. The ultrasoft
[26] pseudopotentials are used for carbon (C), N, and H.
The augmentation functions are expanded in plane waves
up to 400 Ry [27].

Figure 1 shows the optimized structure of the N-H-N
defect in diamond. It has D3; symmetry. The H sits in the
middle of the two N atoms [28]. The N-N distance d and
bond angles a and S (see Fig. 1 for the definitions of d,
a, and B) are 2.26 A, 117.5°, and 99.2°, respectively. For
the A center, d = 2.20 A, @ = 117.0°, and B = 100.0°,
meaning that insertion of H between two N’s does not
substantially induce additional deformations of the lattice,
except the elongation of the N-N distance by ~3%.

We demonstrate an aspect of the H-induced shal-
lowing of the N donor in diamond. Based on total
density of states of the N-H-N defect, its donor level is
estimated to be ES? = Eygy + 4.42 eV [23], ~1.1 eV
shallower than Eg' GA of Nub, Evem + 3.36 eV. Regard-
ing the experimental activation energy of Ny, Evem +
3.8 eV, we expect that the donor level of N-H-N may be
EVBM + 49 eV.

Another aspect of the shallowing is that the donor state
of N-H-N is delocalized over the surrounding carbon
atoms, although it is not effective-mass-like. As is
clear from Fig. 2, the delocalization originates from the
antibonding combination between the wave functions just
at the N-H-N defect and p orbitals of six carbon atoms
neighboring N, the latter stemming from the CB states of
diamond.

Now we study formation energy (Eform) of the N-H-N
defect (Fig. 3) in comparison with those of other typical
defects, Ngup, the A center, a single vacancy (V), and its
nitrogenated (VN,,1 =< x = 4) as well as hydrogenated
(VHy,1 =y = 4) forms, Hzc (H at the C-C bond center)
and H3 (Hpc plus another H at the antibonding site).

We calculate E¢oy Wwith respect to N and H reservoirs
adsorbed on the diamond surface [32]. This is motivated
by the fact that the population of N atoms doped during
chemical vapor deposition (CVD) growth of a diamond
crystal significantly depends on its surface orientation [33].
In order to explain this result, we expect that N atoms are
on the diamond surface for a time long enough to estab-
lish a partial equilibrium with those in the bulk crystal.
Although some of the N atoms should desorb back into
the vapor, the remaining atoms should be embedded in the
bulk since the crystal itself is growing. Here we consider
the (100)-(2 X 1) diamond surface. We estimate the maxi-
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FIG. 2. Squared amplitude of the HOMO state of the N-H-N
complex. The graphics is produced with MACMOLPLT [29].

mum values of N and H chemical potentials from the to-
tal energies of N-dimer-row C(100)-(2 X 1):N [Fig. 3(b)]
and monohydride C(100)-(2 X 1):H [Fig. 3(c)] structures,
which correspond to an N-rich and H-rich phases, respec-
tively (see also the caption of Fig. 3). The chemical po-
tential of the N-H “mixture” on the C(100) surface is
assumed to be the total energy of the structure shown in
Fig. 3(d) [34].

As is clear in Fig. 3(a), Etom of N-H-N is lower than
those of V as well as of other H-related defects. At the
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FIG. 3 (color). (a) Calculated formation energies (Efom) of
various N- and H-related defects in diamond, as a function of
Ap = py — wun, where up and un are chemical potentials
of H and N, respectively. Epo, is defined for a window of
A, which is determined from uy < unN", uuy = MH , and
uN g = mNt+He MNC, wE, and un+y are derived from
the total energies of adsorbed impurities shown in panels (b),
(c), and (d), respectively [30]. The chemical potentials are cal-
culated at 7 = 0 [31].
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same time, it is higher than those of VN, as well as of
Ngb and the A center. Since V’s may exist in CVD-grown
diamond at a high content [35], it is highly expected to
have a substantial population of the N-H-N defects. How-
ever, the populations of the B centers (VN;) and pos-
sibly of the VN3 defects may become extremely large
because of their negative formation energies. Thus, there
are two conditions for successful generation of N-H-N
defects in diamond: (i) Minimize the number of V’s
but (ii) maximize the content of N. The CVD growth
of diamond with a low growth rate satisfies (i), by sup-
pressing the C/H ratio in the gas source. One must yet
maintain the N-doping rate and the diamond growth speed
high enough to let as many of the N atoms on the sur-
face as possible be incorporated in the crystal prior to their
desorption, in order to meet (ii). Therefore there should
be an optimum growth and N-doping rates to compromise
(1) and (ii).

Once the N atoms could be doped in diamond with a
low concentration of V’s, the A centers (N-N) and Hpg¢’s
would be the dominant N and H defects to lower the total
formation energy of the impurities. A subsequent anneal-
ing of the sample may induce the diffusion of H atoms
and their trapping at N-N with an exothermic reaction:
N-N + Hpc — N-H-N + 2 eV.

Thorough tests for previously proposed defects using
2Ngb + Algp [36] and 2Ny, + By [37] complexes
reveal that both are actually much deeper than our
N-H-N defect. We find, for N-AL-N, EJ°? = Eypy +
3.73 eV, only slightly shallower than Ng, (Eg’GA =
Evpm + 3.36 V), in contradiction to the report by Yu
et al. [36,38]. Our structure of N-Al-N is similar to Ngp,
which is the cause of the deep donor level. An N-N-B
defect is the most favorable among the candidates of
(2N + B) complexes, with the total energy being 0.7 eV
lower than that of N-B-N (C5,) proposed by Yoshida
et al. [37]. The defect HOMO [23] state of N-N-B is
so deep (Eg’GA = Eypm t+ 1.43 eV) that it is a deep
acceptor. The structure of N-N-B resembles that of the A
center, explaining why its HOMO level is extremely deep.
Thus n-type codoping ideas using 2N + B and 2N + Al
are both unlikely to work.

A new muonium center (Muy) has been discovered by
Machi et al. in N-rich diamond [39]. They propose that
Muy is a muonium sitting between two N atoms in an
A center [28]. Their result suggests a possibility of the
N-H-N defects having a real existence in N-rich diamond.
Since H is much heavier than a muonium, H should be
trapped in the middle of the A center for a much longer
time than the muonium.

Finally, the absolute depth of the N-H-N donor level
(Ecem — Eq) is still illusive due to the GGA band-gap-
error problem (our GGA band gap of diamond is 4.27 eV).
Thus, further theoretical studies will have to be made for
its unambiguous determination using higher-level methods
such as the GW approximation [40]. Detailed experimental
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investigations will also be necessary to detect any finger-
print of existence of N-H-N complexes in diamond.

In conclusion, we propose a possible shallowing of an
N donor in diamond, in opposition to the traditional think-
ing that it is a very deep donor. Forming an N-H-N
complex may make an N donor in diamond much shal-
lower (EE’GA = Eygm + 4.42 eV) than an isolated Ng,y,
(ES9? = Eypm + 3.36 eV).
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