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Substitutional diatomic molecules NO, NC, CO, N 5, and Oy:
Their vibrational frequencies and effects on p doping of ZnO
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First-principles calculations show that AB defects substituting on an O site in ZnO where A, B
=N, O, or C are an important class of defects whose physical properties cannot be described by the
usual split interstitials but rather by substitutional diatomic molecules. The molecular natures of the
(AB)o defects are reflected in their vibrational frequencies which are redshifted from those of the
corresponding free molecules but only by about 10%. These calculated results agree with the
frequency range recently observed by IR measurement on N-doped ZnO. MoreovetABist
defects are donors ip-type samples. ThéNC)s and(N,), defects have sufficiently low energies

to convert substituional jlacceptors into donors, thereby hindering the efforts of doping gnO

type. © 2005 American Institute of PhysidOIl: 10.1063/1.1931823

Recent experimental investigations on chemical vapoperimental value of 3.60 eV. We use a supercell with 36
deposition grown nitrogen-doped ZhOrevealed that these atoms for the defect stu&ResultS for(N,)o are tested using
samples contain not only a large amount of H, but also C, aa 96-atom cell to ensure the convergence to be +0.2 eV. For
well as an excess of N in unwanted forms. This, combinedtharged defects, a jellium background was used. Since LDA
with the difficulty of achievingp-type ZnO, suggests that severely underestimates the band gap, we have instead ex-
these defects may play important roles in compensating oamined the electronic properties at thi 2 2 Monkhorst-
passivating the N acceptors. Moreover, IR absorption meaPack speciak points, which are used for the Brillouin zone
surements on N-doped ZnO showed several peaks in thategration. The band gap at the spedigboints is 2.5 eV.
range of 1800—2000 cth which are surprisingly close to All the atoms are relaxed by minimization of force to less
the IR frequencies of free diatomic molecules but signif-than 0.05 eV/A.
cantly higher than the phonon frequencies of the ZnO host.  The defect formation energy is defined ‘s
Recent x-ray photoelectron spectroscgpPS) experiments
found strong §ignals from the C-N gnd N-N bonds, which AE; = Ei(D,0) = Ext(0) + 2 Ay ey + QEr,
are characteristic of those in free diatomic molecules. In a
recent theory worR,charge distribution near a substitutional whereE(D,q) is the total energy of the supercell with de-
N, also showed the sign of a substitutional molecule. fect D in charge statey; E,(0) is the total energy of the

In this work, we investigate systematically first-row C, supercell without the defectny is the number of species X
N, and O impurities in ZnO forming the so-called split inter- (= Zn, O, N, and ¢ being removed from a defect-free cell to
stitials such a$NC) and(N,)o. First-principles calculations its respective reservoir with chemical potentia} to form
show that these complexes have electronic and structuréite defect cell. The upper limits fqrz, wo, un, anduc are
properties, which are inconsistent with the traditional split-the calculated energies of metallic Zn, gaseoysa@d N,
interstitials pictur@ but in good agreement with a substitu- and diamond. For mathematical simplicity, however, we ex-
tional diatomic moleculgSDM) picture. In particular, the ~Press here the chemical potentials relative to their respective
calculated diatomic bond length, wave functions, and stretc§lémental natural phases. This redefines dheso thatux
frequencies closely resemble those of free molecules, if=0- To keep ZnO thermodynamically stable, it is also re-
qualitative agreement with experiments. The strong tendencguired that uzn+uo=puz,0=-3.58 V. Er is the electron

of forming such molecules at least in the caseéNiE), and ~ F€rmi level with respect to the valence band maximum
(N,)o also causes the conversion of the Bcceptors into (VBM) averaged at the speciapoints, as described in Refs.

unwanted donors that further compensate the remaining aél-l an_d 12. . . N R .
. First, let us consider split interstitial in the “traditional
ceptors in ZnO.

Our calculations are performed using the density func-p'Cture: namely, a complex embedded in a losl environ-

. . : . ment. For example, the &plit interstitial in diamond where
tional theory with the Ioca] den§|ty approxmgnc(hDA) each carbon atom is threefold coordinate@ne can expect
and ultrasoft pseudopotentidlgs implemented in theasp

3 that the pair form single bonds with surrounding host atoms.
codes. The Zn 3 electrons are treated as valence eleCtronsAlternatively one can view the complex according to the
The cutoff energy for the plane wave basis setis 300 V. The, gjacyiar orbital theory, in which the energy levels of free

calculated heat of formation of 3.58 eV agrees with the exynolecules arsss, sso”, ppr (doubled ppo, pprr (double)

andppo” in the order of increasing energy. When embedded
@Electronic mail: sukit@sut.ac.th in ZnO, thessy, s, ppm, and ppo states are all in the
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TABLE |. Calculate bond length, stretch frequencies, and formation energy
of the (AB)o defects atEr=0, uy,=un=uc=0. dyee is the bond length of
free molecules.

Defect Charge dag dree ) AE;
(AB)o q (R) A (cm™) (eV)
(0o 0 1.46 1.23 1051 5.1
(NO)o 2+ 1.23 1462 25
1+ 1.29 1357 3.1
FIG. 1. (Color onling. (a) Atomic structure of anAB)y defect,A=N, B 0 1.36 1173 4.4
=C, where the encircled AB dimer replaces an O atom. Large sphere is Zn 1- 1.48 117 967 6.1
and small sphere is @b) Charge density of thepr™ states of th&NC)o
defect. The two states should be degenerate in a free dimer as shégnin  (co), 2+ 1.16 1894 1.8
but the degeneracy is lifted by ZnO crystal field. 1+ 1.22 1652 35
0 1.27 1.14 1373 5.7
valence band as expectfed and are hence doubly occupied. If ;) 24 1.14 2108 -15
we do an electron counting fgNC)., for example, we have 1+ 1.20 1852 04
5 doubly occupied states with 11 available electrons, 2 from 0 1.28 1.11 1537 25
4 Zn neighbors in Fig. @), 5 from N, and 4 from C. This (NC)o 1+ 1.18 1.17 1995 0.4

leaves(11-10=1 electron to occupy the higheps" (dou-
blet) states above the VBM as shown in Fig. 2.

The calculated wave functions in Fig(k} are almost 1, 5 (o NO, 2197 versus 2358.6 for,N2132 versus

g?rﬁ(lﬁls ?f t?hqg pgasrtiesgstrotgreige;dl(rg)egsmfgr'q[(hdg' g/lnc;ﬁ; 2169.8 for CO, and 2052 versus 2068.6 for NC. To calculate
gy, 9 9. the frequencyw for the SDMs in ZnO, in principle, one

supercell, suggesting that these doublet states are highly 10; . R '
calized. Indeed, the dispersion lnspace due to cell—cell Should solve the dynamic matrix with coupling to at least a

interaction through the ZnO host is small, only 0.2 eV forfew shells of neighboring atoms. However, we found that the

o . « coupling to the ZnO host is very weak, which is a reminis-
these states. Thus, there is little coupling betweenpihe ence of the substitutional molecules: for example(f),

states and the surrounding Zn atoms. This shows clearly tht i its | hift i | than 2 orit. B
the SDM model is a better description of thC)y com- € coupling results in a shift i 1ess than 2 cn. because
of this, in the calculation we keep the host atoms fixed,

plex. Due to the crystal field of ZnO, however, the double ™ . . X

degeneratepr states of the free molecule is replaced bywhlch allows us to include also the qnharmonlc effect.. Table

two nondegenerate, spatially orthogonal states I, column 5 showsw scaled by the ratio between experiment
' : hand theory for free moleculdgiven by the previous resujts

The calculated bond lengths compare favorably wit . ) ;
those of the corresponding free molecules, also. Note, how© reduce systematic errors in the results. The frequencies of

ever, that as a substitutional impurity, ea@hB)o accepts theISDMs are reasonably close to those of the free mol-
two electrons from its Zn neighbors. Thus, we should comSCU'ES- « . . .
Because th@pm molecular orbitals are antibonding or-

pare neutral free molecules with SDMs @+) charge state itals, its occupation will lead to an increase in the AB bond
to keep the same orbital occupation. Table | shows that foﬁzngth. We can see from Table | that adding electrons to the

N,)%", the bond lengthdy_n=1.14 A, is only 3% longer A i )
'Ehefr)10the triple bond o?fregi\hll)f 111 A In Con%/rast the Sum ppm states always causes an increase in the AB bond length,
| ' ' resulting in weaker bonds and a reductiorwinFor example

of single-bond atomic radii yields 1.50 A, which is 32% .
2+ . for (N,)o, the bondlength increases from 1.14 A fipr 2+,
longer. For(COJg, de—o is longer than that of free CO by to 1.20 A forg=+, and to 1.28 A fog=0. Accordingly, the

only 2%. For(NO)é*, dy-o i 5% longer. An elongation is frequency decreases from 2108, to 1852, and eventually to
generally expected due to the scr_eening of the ZnO host. 1537 cm’. Because of the Coulo’mb repuls:ion between elec-

To Ca'°“"°_“e stretch frequencies, we employed the Pirons, energy levels in Fig. 2 will shift when occupation
proach used in Ref. 13. Our calculated results for the fre hanges. For example, in the case(@%)o, the removal of
molecules are in1 reasonable agreement with the measur%(itly electron from the ,gap state in Fig.,2 would lower the
values: 148kcm™) versus 1580.2 for © 1819 versus level to below the VBM, thus making the neutral state the
only stable state.

The formation energies of the SDM impuritieSE;) are
tabulated in Table I. Figure 3 shows tkg dependence of
AE; for (CO)g, (NC)g, (NO)g, (Ny)o, and Ny. Our results
for Ng agree to within 0.2 eV with those in Refs. 5, 14, and
15. For(N,)o, our results agree to within 0.3 eV with Ref.
15. Isolated interstitial Nand G are unstable against spon-
- _ taneous formation ofNO)5 and(CO)q so they are ignored.

| Valence band ey In the presence of § (NO)g, and(CO), are also unstable
Q) (NO); (CO), (N,  (NO), against the formation ofN,), and (NC)o. On the other
FIG. 2. Calculated energy levels of tgn" states for charge neutral de- hand, both(N,)o and (NC)o have lower formation energy

fects with respect to the band gap of ZnO calculated by the spegaint  than that of isolated jlin p-type ZnO. Hence, their forma-

average. Solid dots show the electron occupations. tion will severely reduce the concentration of ldcceptors.
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with experiment but the calculated formation energy is
higher than(NC)q. Although we do not have a definitive
answer why(CO)qg should coexist with(NC)o, we realize
that the probability for an interstitial {Go find an O site
should be significantly larger than to find ar, Nite.

In conclusion, first principles total energy calculations
show that first-row impurities, C, N, and O, can form substi-
tutional diatomic molecules on the oxygen site in ZnO. Both
the electronic and structural properties of the SDMs are con-
sistent with those of free molecules but in contrast to those of
conventional split interstitials. The calculated vibrational fre-
guencies are in qualitative agreement with recent IR experi-
ment. Our calculations further show that all these SDMs are
donors inp-type ZnO. In particular(fNC)s and(N,), could
FIG. 3. Formation ofa) (NC), from isolated NO andCO)o and(b) (N, have low formation energies. These results should shed new

from N and (NO)o. The chemical potentials are setsat, = uy = uc=0. lights on how to improve the fabrication of high quality
p-type ZnO by nitrogen.

Formation Energy, AE . V)

Fermi Energy, E, (eV)
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