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Possiblep-type doping with group-I elements in ZnO
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Based on first-principles calculations, we suggest a method for fabrigatyyge ZnO with group-1 elements
such as Li and Na. With group-l dopants alone, substitutional acceptors are mostly self-compensated by
interstitial donors. In ZnO codoped with H impurities, the formation of compensating interstitials is severely
suppressed, and the acceptor solubility is greatly enhanced by forming H-acceptor complexes. The H atoms can
be easily dissociated from these defect complexes at relatively low annealing temperatures, and thus low-
resistivity p-type ZnO is achievable with dopants different from group-V elements.
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Zinc oxide(ZnO) has attracted much attention because oftential to express the overlap between the Zhcdre and
possible applications for wide-band gap optoelectroniovalence electron densities. A real-space multigrid methisd
devicest—3Because of the large exciton binding energy of 60used to deal with the localized orbitals in the valence shell,
meV, ZnO is known to be the brightest emitter of availablewith the Laplacians in Poisson and Kohn-Sham equations
wide-gap semiconductors. Alloying this material with Mg expressed up to the twelfth order, based on a finite-difference
extends device applications to the uv range. Despite othanethod?® For a supercell containing 64 host atoms in the
advantages such as the availability of large-area substratesurtzite structure, the real-space grids are generated by the
high radiation resistance, and low material costs, one major6x 44x 72 mesh, with the spacing$) of 0.280, 0.279,
problem remains to be solved; it is difficult to obtain low- and 0.273 a.u., respectively, which correspond to the effec-
resistivity p-type ZnO, while this material exhibits intrinsi- tive kinetic energy cutoff E. .= (7/h)?] of about 130 Ry.
cally n-type conductivity. Among group-V elements, N is Testing various sets of fine grids up =200 Ry, we
used as a populgp-type dopant; ™ while p-type samples find the grid spacing of about 0.280 a.u. to be sufficient to
have also been successfully obtained with other dopants su@hsure the total energy precision better than 0.02 eV per unit
as P and As*'*However, other findings were also reported mojecule. The summation of the charge densities over the
of unrealistically high hole mobilities and hole concentra-pyijiouin zone is carried out using the zone center point. The
tions, with low reproducibilities. Theoretical studies indi- c5jcyated lattice parameters and bulk modulus for ZnO are
cated that the acceptor level of N is so deep that it is difficult, _ 3 53 A, cla=1.6, andB,=1.48 Mbar, in good agreement
to explain the activity of N acceptors at room temperatdre, with the measured values of=3.25 A, c/a=1.6, and

although a compensation mechanism was introdtie€dr P B.=1.43 Mbar? The heat of formatiofAH) of ZnO is cal-
and As dopants with deeper acceptor levels than for N, it is °| t.dt b 3'44 Vv dto th . tal val
even more difficult to explain observed high hole densities Y/'3!€d 10 b€ 5.24 €V, as compared fo the experimental value

Y 3
Substitutional group-I elements behave as a shallow acce;?—f 3.61 eV? . . .
To calculate the formation energies and concentrations

tor; however, these dopants tend to occupy the interstitial . )
site, leading to the self-compensation. of defects in the supercell, we use,O and NaO, as

In this paper, we search for othertype dopants rather the Li and Na source¥, respectively, during crystal growth.

than group-V elements, and propose a method for fabricatin he maximum %r;smlcal potentials Ofmal‘x' and Na_satisfy
low-resistivity p-type ZnO with group-I elements such as Li (N€ relations, 2;7™=pu; 0~ po and Zuya = ina,o,~ 240
and Na, based on first-principles density-functional calculaWhere uo is the oxygen chemical potential. Here we
tions. Although substitutional Li and Na acceptors are mostly/S€ the measured values for the heat of formation gOLi
self-compensated by coexisting Li and Na interstitials, we(6-21 V) and N3O, (5.32 eV to calculateu, j,o and uns,0,
find that an intentional codoping with H impurities sup- from the relationsu; 0=2u1i metar* #0,/ 2 ~AH(Li;0) and
presses the formation of compensating interstitials, and enuNazoz:Z,uNa metaﬁ,uoz—AH(NaZOz). The stoichiometry of
hances greatly the solubilities of Li and Na acceptors byZnO is described by the parameterwhich lies between 0
forming H-acceptor complexes. These H atoms can be easilgnd 1 under extreme Zn- and O-rich conditions, respectively.
evolved out of ZnO by postannealing at relatively lower tem-  Nitrogen is considered as a gogstype dopant among
peratures, as compared to GaN. Thus, we expect tharoup-V elements, because of the smallest atomic size and
H-passivated acceptors are electrically reactivated, resultinipwest p-orbital energy:*2>However, it is a difficult task to
in low-resistivity p-type ZnO. obtain highly reproducible, low-resistivitp-type samples
Our calculations are performed within the local-density-with N impurities because of the deep acceptor level of 0.4—
functional approximation (LDA).}® Norm-conserving 0.5 eV relative to the valence-band maximy\BM).1426
pseudopotentials are generated by the scheme of Troulligklthough recent experiments demonstrated that it is possible
and Martind” and then transformed into a separable form ofto fabricatep-type ZnO with P and As dopant$;*® substitu-
Kleinman and Bylandé®® Nonlinear partial core tional p-type doping was suggested to be even worse as go-
correctiond® are included for the exchange-correlation po-ing from N to P to As, because the increase of pherbital
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To overcome thep-type doping difficulty with group-l
elements, we examine the effect of simultaneous hydrogen

incorporation on the self-compensation and doping effi-
ciency. In recent theoretical studies, the most stable form of
H in ZnO is an interstitial, which acts as a shallow doffor,
while interstitial H is an amphoteric defect in GaNIn our
calculations, H is found to be more stable by 0.08 eV at a
bond-centered site on tleaxis than that off the axis, while
previous calculatior’8 showed that the bond-centered site
off the c axis is energetically more favorable by 0.02 eV.
This discrepancy results from the use of different parameters
in calculations such as supercell sikepoint sampling, and
zero-point energy correction. Nevertheless, we point out that
our results for the hydrogenation effect on the Li or Na dop-
ing are not affected by the stable position qf, Hecause the
energy difference between the two bond-centered sites is
very small. In Fig. 1b), the formation energy of interstitial
FIG. 1. Defect formation energies as a function of the FermiH" is compared with those for Liand N& under the extreme
level for Na-, Li-, and H-related defects in ZnO under extre@e  O-rich condition. We use the maximum values for the Li and
Zn- and(b) O-rich conditions. Na chemical potentials with the H chemical potential set to
be uyy. /2. We find that H is a more stable donor, compen-
levels lead to deeper acceptor levels inside thelg&m the  sating dominantly for the substitutional acceptors. The equi-
other hand, group-l elements such as Li and Na occupyintjbrium Fermi level positions between the H donor and sub-
the Zn lattice site(henceforth denoted by ki and Ng,  stitutional acceptor are found to increase by 0.67 and 1.19
respectively were shown to behave as a shallow acceptoreV for Li and Na dopants, respectively, as compared to the
From the formation energies, tlie1/0) transition levels of ~doping without H. Since the Fermi level increases, the for-
Li and Na acceptors are found to lie at 0.04 and 0.11 evmation energies of negatively charged Li and Na acceptors
respectively. Compared with other group-l and -V dopants@'® lowered, whereas those for Li and Na interstitials are
the shallowness of the acceptor levels ofLand Na, are ~ €nhancedsee Fig. ib)]. Thus, the solubility of substitu-
attributed to the reduction of strains around the dopant atomional acceptors relative to interstitial donors is greatly en-
and couplings between the anion and cation orbitals, whiclkanced. However, the hole carrier concentration is st|I_I ex-
perturbs very weakly the valence band edge state. Fgy Li pected to _be low, because the mcr(_aased. _concentratlon of
almost no lattice relaxations occurs around the impurity@cCeptors is fully compensated by H interstitials.
atom, while Na, induces small outward lattice relaxations of ~ We also Investigate the st'ablllty of H—group-l-acceptor
about 0.2 A for the surrounding O atoms. c_om_plexes, WhICh are electrically neutral. The caI_cuIated
Despite the fact that Li and Na are good shallow accepPinding energies of l#4-H; and Na,-H; complexes are listed
tors, p-type doping difficulty remains due to self- for various m'gerstlt_lal ppsmons including the bqnd-centered
compensation by donors generated by occupying the interstgnd antibonding sites in Table I. In the wurtzite structure,
tial site. For two high symmetry positions in the wurtzite €ach acceptor has two types of acceptor-dopant-O bonds due
structure, i.e., octahedral and tetrahedral sites, the octahedf& the hexagonal symmetry: one bond aligned ondtfaeis,
site is found to be more stable by 0.54 and 1.62 eV foithe other three bonds off taxis. For the L, acceptor, the
positively charged Li and Na interstitiaisi* and Ng), re- ~ total energy is lowest when Hs positioned at the bond-
spectively. The existence of both substitutional acceptors angentered site of the Li-O bond on theaxis, as shown in Fig.
interstitial donors was in fact identified in ZnO doped with 2@- In the Na.-H; complex, the antibonding site of the O
Li dopants?” The stability of the positively charged intersti- &om, which forms three Ng-O bonds off thec axis, is the
tial donor relative to the negatively charged substitutionalmost stable posnllor[usee Fig. 20)], similar to the Mg H;
acceptor increases as the Fermi level decreases. Under th@MPplex m_(_;al\?:_ For the interstitial positions considered,
extreme Zn-rich condition, the formation energies of theséVe find positive binding energies of 0.64-1.22 eV, indicating
two defects are crossed at 2.47 and 2.26 eV for Li and N&hat H atoms are more likely to form neutral defect com-
dopants, respectively, as shown in Fig?®1At the crossing Pléxes with acceptors. _ - .
point which can be regarded as the equilibrium Fermi-level Assuming the _charg(]e) neutrality conditighwe estimate
position?? the charge neutrality condition is satisfied anddefect concentration\N'“(«)] in the presence of H intersti-

thus leads to a complete self-compensation, with equal corfials by solving the following equations:

Formation energy (eV)

0 1 2 3 0 1 2 3

(a) Fermi level (eV) (b) Fermi level (eV)

centrations for acceptors and donors. In going to the extreme N@ (o) = Ny(e)exf— E(a)/kgT] (1)
O-rich condition, the equilibrium Fermi level positions are

shifted to 0.76 and 0.54 eV for Li and Na, respectively. Al- _ _ )

though this result indicates that O-rich conditions are better Neltte) = Prlpte) = % A(@N™(a), 2)

for p-type doping than Zn-rich conditions, the equilibrium
Fermi-level position is still far above the VBM, whepetype
doping is usually achieved.

whereEﬁ“)(a) is the formation energy of a defeetin charge
stateq,Ng(«) is the number of sites where the defectan
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TABLE I. The formation energie¢E;) are compared for Li and Na acceptors. For each complex, the H
atom is positioned at the bond-cente(8¢) site of the Li-O(or Na-O bond or the antibondingAB) site of
one of the O atoms bonded to the acceptor. Herandoff denote the Li-Qor Na-O bonds aligned on and
off the ¢ axis, respectively, andH is the heat of formation of ZnO. The binding energi&s) are given
relative to the isolated configuration of negatively charged acceptor and positively charged H interstitial.

Complex H position E; (eV) E, (eV)
Liz,-H; BCyp, 0.97-AH/2 1.22
Lizp-H; AB,, 1.48-AH/2 0.71
Liz-H; BCyt 1.08-AH/2 1.11
Liz-H; AB 1.27-AH/2 0.92
Nay-H; BCon 0.38 0.70
Nay,-H; AB,, 0.44 0.64
NaZn'Hi BCoﬁ 0.43 0.65
Naz,-H; AB 0.13 0.95

be formed per unit volume, anmt(py,) is the electrorthole)  Li; is severely suppressed by increased H interstitials. For Li
concentration at the electron chemical potentigl Besides concentrations above ¥cm™3, the Liy,-H; complex be-
extrinsic defects generated by external sources, we include @mes the most abundant Li-related defect. Similarly, H in-
and Zn vacancies, which behave as donors and acceptorgrporation increases the maximum Na concentration up to
respectively, among dominant native defects in 2800  10?°cm 3, severely suppressing the formation of Na intersti-
simulate experimental conditions, we control the total cond4ials.

centration of dopants by varying the dopant chemical poten- Although Li and Na acceptors are electrically deactivated
tials, uy; and ung With keeping the O-rich condition of by the formation of defect complexes with H, hole carrier
=0.7. Here Zn-rich conditions are not suitable for figype  densities can be enhanced if a proper postannealing process
doping, because the formation energies of compensating dés used. A similar method was successfully employed for
nors such as dopant interstitials and O vacancies are relactivating H-passivated Mg acceptors in GaN, resulting in
tively low. For a pure Li source, the calculated defect con-low resistivity p-type sampleg? Using the nudged elastic
centrations at 673 K are plotted as a function of the total Liband method, we find that the activation energies for disso-
concentration in Fig. @), with use of uy=uy,/2-0.8 eV. ciating the H atoms from the kj-H; and Na,-H; complexes
The solubility limit of Liy, is estimated to be about are 1.88 and 1.02 eV, respectively. These energies are com-
10cm3, and Li interstitials almost compensate for substi-parable to or even lower than the H dissociation energy of
tutional acceptors, as discussed earlier. Similar results ark5 eV for the Mg-H; complex in GaN®! Deuterium diffu-
also found for a pure Na source, while the solubility limit of Sivity measurementd showed that most deuteriums are
Naj, is reduced to about 10cm. When H is codoped with evolved out of ZnO by annealing to 500°C, while much
Li, the solubility limit of Li is greatly enhanced, with the higher temperatures above 800°C are needed for BaN.
maximum Li concentration of about 4&m™. We find that  Thus, it is likely that H impurities incorporated in ZnO
Li can exist as an isolated 4j acceptor or a Li-H; doped with group-I elements are removed at relatively lower
complex, as shown in Fig.(B), while the L concentrations annealing temperatures, increasing the electrical activity of
are below 167 cm 3, which is much lower than for Gj. If ~ H-passivated acceptors. In ZnO codoped with H and N, a
the value ofuy increases tquy,/2, the concentrations of hole concentration of about ¥em™® was obtained; how-
Liz-H; and H are greatly enhanced, while the formation of €Ver, this value is too low for device applicatiofs-or Li
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(a) |Li] concentration (cm™) (b) [Li] concentration (cm™)

FIG. 2. Atomic structures of théa) Liz-H; and (b) Nag,-H;
complexes, with the H atoms positioned at the BC and AB sites, FIG. 3. Defect concentrations as a function of the total Li con-
respectively. centration for the casgg) with and(b) without H incorporation.
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and Na acceptors, since the H dissociation energies are lowgve find that Li and Na are better acceptors with shallower
and the acceptor levels are shallower than for N,ghgpe  acceptor levels than for N, while they are mostly self-
doping is expected to be highly enhanced by the codopingompensated by Li and Na interstitials, respectively. How-
teChnique with H. Since the grOWth of ZnO is simulated atever, we find that a Codoping of H impurities and a subse-
relatively low temperatures, i.e., 673 K, where the converquent annealing process greatly enhance the electrical
sion of.Hz into H,O is suppressed by kinetics, the upper limit activity of group-I dopants, similar to Mg-doped GaN. We
of wy is set to beuy,/2. We note that even if the upper pone ‘that our proposed method may shed a light on re-

limit of 1, satisfies the relation qj‘maxz(“Hzo_“O)/z’ the  searches of finding other good dopants rather than group-V

Liz-H; or Nay,-H; complex is still the most abundant spe- glements such as N.

cies for the Li or Na codoping with H, indicating that our
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