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the surface of ZnSe layers (side-on) and with the bond
perpendicular to the Se-Zn-Se (Zn-Se-Zn) plane of the
cluster. In these models, the bond length between the
Zn and the Se atoms of the clusters in Fig. 1 is fixed
at 3.995 A IO]. The length of Zn-H and Se-H are fixed
at 1.59, 1.46 A, respectively [7].

I. Introduction
Recentlg ohkawa et al. proposed that excited nitro-
gen molecules (tDf ) are doped as shallow acceptors of
ZnSe layer by molecular beam epitaxy, so called "rad.-
ical doping method" t1]. Then, this doping method
brought the realization of blue-green lasers made from
[-VI compound semiconductors [2,914]. However, there
is no microscopic studies of the mechanism how the ex-
cited nitrogen molecules are selectively doped in Znse
layer as a p-type dopant. In the present paper, adsorp-
tion and dissociation of the ground and the excited
nitrogen molecules on Znse (100) surface are inves-
tigated by ab initio molecular orbital theory for the
first time and their mechanism are discussed from the
electronic states.

ff. Models and calculations
Flor the calculations of the interaction between nitro-
gen molecules and ZnSe (100) surface, two kinds of
cluster models shown in Fig. 1 are adopted. In each
model, the ground state (tDf ) and the excited state
(ttf) are considered as a nitiogen molecule. The rea-
son why (tDf ) is chosen as a exited state is that its rife
time is much longer (2.0 seconds [a]) than that of the
other excited states. Figure 1 (") (1 (b)) shows the case
that nitrogen molecules in the ground and the excited
states approach the on-top site of the Zn (Se) atom in
ZnSezHo (SeZn2Ho) with the nitrogen bond parallel to

I
N2

l-
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Nitrogen molecular adsorption and dissociation on ZnSe (100) surface has been studied
by ab initio molecular orbital theory. Based on the electronic structure and energetics,
the excited (3Ef ) nitrogen molecule can be selectively adsorbed and dissociated on a Zn
atom of the ZnSe surface. This result supports the contention recently presented that the
p-type ZnSe layers, which successfully realized blue-green lasers, are grown by the excited
(ulf ) nitrogen molecular beam from a plasma source.
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@u Or, @r^ @H
Fig. 1 The cluster models for the calculations of electronic

states composed of (a) N2 - ZnSe2H6 and (b) N2 -
SeZn2H6. The nitrogen molecules are put on the
side-on, on-top site of central Zn and Se atoms of
the clusters, respectively.
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The calculations were performed with valence dou-
ble zeta basis sets except hydrogen. For hydrogen, a

single zeta basis set was used. The nitrogen and hy-
drogen basis sets were (7s+p)/[3s2p] and (As)/[ts] from
Huzinaga [8] and Dunning Jr. [9], respectively. For Zn
and Se, (3s2p5d) ll2s2p2dl and (3s3p)/[2s2p] basis sets

and effective core potential (ECP; Ar core) from Hay
and Wadt were used, respectively [10]. The total en-

ergy of the clusters with the nitrogen in the ground
(RHF) and the excited (ROHF) states were calculated
at the SCF (Hartree-Fock) level [11]. The calculations
were carried out with the program HONDO version
7.0 [12J.

A free nitrogen molecule has two kinds of degen-

erated orbitals zr., and nr. Since the cluster models
adopted here have C2y slmmetry each zr,, and 7rs or-
bital is split into two non-degenerate components, re-
spectively. One is parallel and the other is perpen-
dicular to the ZnSe surface. Since the zr, perpendic-
ular component of the nitrogen molecule will form a

bonding orbital with the ZnSe surface atom (Zn or Se)

when the nitrogen approaches it, the component will
be a doubly occupied orbital. Therefore, for the triplet
calculation, the r, and zro molecular orbitals parallel
to the surface are assigned as singly occupied orbitals.

III. Results and Discussion
In Fig. 2, total energy diagrams against the distances
RNr-x (X : Zn or Se) between the center of nitrogen
molecule and the Zn atom of the ZnSe2H6 (or the Se

atom of the SeZnzHo), respectively, are shown. The
distances RNr-x (X : Zn or Se) adopted here are 5.0,
3.0, 2.5, 2.0 and 1.5 A. The units of the energy and
the distance in Fig. 2 are electron-volt and angstrom,
respectively. The values above or under the bar in
Fig. 2 are the distances of the nitrogen atoms (RN-N)
at the most stable point of respective Rpr-16 (X :
Zn or Se) distances. The equilibrium bond length of
nitrogen molecule in the ground state is 1.10 A IZ].
The energy of the 3E$ state of free nitrogen molecule
is calculated 6.56 eV (exptl. 6.17 eV [7]) higher than
that of the ground state (tEJ).

From the Fig. 2,the nitrogen molecules in the ground
state (tEl) and in the excited state (tDf ) do not ap-
proach the Se atom of. SeZn2H6 and do not begin to
dissociate on it energetically. Neither does the nitro-
gen molecule in the ground state to the Zn atom of
ZnSe2H6. On the other hand, as the nitrogen molecule
in the triplet state approaches the Zn atom of the
ZnSe2H6, the nitrogen becomes stable and the bond
length becomes longer than 1.29 A, which is the eqrri-

3Nr-s" 
1 .l t stable

//r
1.1

distancs of
RN_N (A)

tu'r# ,rJ
1.1 . ,tU-t,Jl 1.1

2.O 1.6
1.6tu'tn

1.6

ll
1.1

1.1 ls+
f. og

1.1
1.1 1.1

1.1

1.5 2.0 2.5 3.0 5.0

R(N ix) (xfln or Se) (A)

Fig. 2 Th" totrl e"".gt diagram of the clusters N2 -
ZnSezHo and N2 - SeZn2H6 against the distances
RNz - X (X = Zn or Se) between the center of nitre
gen molecule and the central atom (Zn or Se) of the
clusters. The values above or under the bar are the
distances of the nitrogen atoms (RN-N) at the most
stable point of respective Rpr-x (X = Zn or Se).
The units of energy and distance are electron-volt
and angstrom, respectively.

librium distance of the triplet nitrogen bond [?]. These
results indicate that only the lowest excited triplet 3E$

nitrogen molecule can be dissociated on a Zn atom
of ZnSe (100) surface. Note that the cluster models
adopted here cannot completely describe the dissocia-
tion reaction of nitrogen molecule on the ZnSe (100)
surface because of ignorance of the surface neighbor
Zn atoms with the cluster model. However, since the
shortest distance between the Zn atoms of the recon-
structed ZnSe (100) surface is 2.47 A 1tS1, the adsorbed
nitrogen bond length of 1.6 A itt our models is thought
to be a symptom of the dissociation and the incorpo-
ration of a nitrogen atom into the Se site. When the
bond length of the nitrogen molecule on the Zn atom
becomes 2.0 A, the total energy slightly increases and
a barrier for dissociation appears in Fig. 2. However,
the energy is still 2.37 eY lower than that of the case
with fu*r-zo : oo. For more detailed discussion on
the mechanism of the nitrogen dissociation and incor-
poration, larger cluster model is required. The larger
cluster model will show the dissociation and the incor-
poration of the nitrogen without the barrier.

For dissociation of a singlet nitrogen molecule on
ZnSe surface, it needs larger energy than that of a
triplet state molecule, because a singlet molecule has a
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Fig. 3 The orbital correlations between nitrogen molecule
and ZnSe cluster models.

triple bond against a double bond of a triplet molecule.

Let us discuss the mechanism of the dissociation
of the triplet nitrogen molecule. In this case, Zn va-
lence p orbital perpendicular to the Se-Zn-Se plane
in ZnSe2H6 and nitrogen n, antibonding orbital play
important roles. When the triplet nitrogen molecule

approaches the Zn atom of the ZnSe2H6, the overlap
integrals between r. antibonding orbital and Zn va-
lence p orbital perpendicular to the Se-Zn-Se plane
increases and the bond distance of nitrogen molecule

becomes longer. When the triplet nitrogen molecule

approaches the Se atom of the SeZn2H6, the spatial
overlap integrals between zro antibonding and the Se

valence p orbital also increases. However, since the or-

bital energy-gap (14.15 eV) between the Se valence p

localized orbital and the nitrogen zr, antibonding or-

bital is larger than that (5.71 eV) between the Zn va-

lence p localized orbital and the nitrogen zr, antibond-
ing orbital, as shown in Fig. 3, the nitrogen on the Se

cannot obtain enough stabilization energy compared

with the nitrogen on the Zn atom. A large energy-gap

between two molecular orbitals makes their interaction
weak. Then nitrogen molecule on the Se does not be-

come stable energetically. Zinc d orbitals have small

contribution for the nitrogen dissociation in our mod-

els.

IV. Sumrnary

Nitrogen molecular adsorption and dissociation on ZnSe

(100) surface has been studied by ab initio molecular

orbital theory. Based on the electronic structure and

energetics, the excited (tlf ) nitrogen molecule can be
selectively adsorbed and dissociated on a Zn atom of
the ZnSe surface.
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