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First-principles total-energy calculations suggest that interstitial hydrogen impurity fostmesllaw

donor in Sn@, CdO, and ZnO, but a deep donor in MgO. We generalize this result to other oxides
by recognizing that there exist a “hydrogen pinning level” at about3004 eV below vacuum.
Materials such as Agp, HgO, CuO, PbO, PtO, IrQ RuG,, PbG,, TiO,, WO;, Bi,O3, Cr,04,

Fe, 03, ShO3, Nb,Os, Ta,05, FeTiO;, and PbTiQ, whose conduction band minimu@BM) lie

below this level(i.e., electron affinity>3.0+0.4 eV) will become conductive once hydrogen is
incorporated into the lattice, without reducing the host. Conversely, materials such as BaO, NiO,
SrO, HfG,, and ALO;, whose CBM lie above this levél.e., electron affinity< 3.0+ 0.4 eV) will

remain nonconductive since hydrogen forms a deep impurity.2002 American Institute of
Physics. [DOI: 10.1063/1.1482783

Hydrogen is a ubiquitous impurity in most semiconduc-measured from the valence band maxim(MBM) Eygy -
tors, including elementale.g., S}, compound(e.g., GaA$  The defect transition leveky; /q,) is then determined as the
and wide gap (e.g., IlI-V nitrides and 1I-VIS  value of Fermi energy for whicAH*=AH{?, and is inde-
semiconductord.In these systems, hydrogen is known to bependent ofuy. In Eq. (1), the zero ofu, is set to the half of
amphoteri¢ forming an acceptor level in-type and a donor  tpe H, dissociation energy so that,<0. The value oEg is
level in p-type materials. In contrast, hydrogen can lead togetermined by the free-carrier concentration. The total ener-
electron conduction in some wide gap oxides such as,SnQyiesE () were calculated in the framework of density func-
(Ref. 2 and ZnO(Ref. 3. These observations raise the ques-tjona| theory within the local density approximati¢bDA )
tion of what is the basic systematic at work here: if H can b&sing the Ceperley—Alder exchange correlation potential as
incorporated into some materials, which one will be dOpedparameterized by Perdew and Zun§eand utilizing the
by H (i.e., become conductiyend which will not? Our first- plane-wave total energy methods implemented inAsp
principles study presented here show that $aul CdO can ;466 |y the LDA calculations, the bandgaps of MgO, CdO,
be dopedn-type by hydrogen incorporation, whereas H in 504 sng are underestimatédas expected from the well

MgO yield a deep level inside the band gap, s0 MO is N0}y | pA bandgap errdt. The bandgap error is also
doped by hydrogen. Our results indicate that the d'St'nCt'orbresent in the defect formation energy through the band

between H as an-type dopant and asa _nondopmg |m_pur|ty structure term of the total energy. We correct this error by an
depends on whether the “hydrogen pinning level,” estimated

e | g ; | 2040V bel H empirical means.
to be locate 'appr0X|matey at € elow. t, € The LDA-corrected formation energies of interstitial H
vacuum level, is above the conduction band minimum

(CBM) of the material(in which case H dopes)ibr below impurity in SnGQ and MgO are shown for three charge states

. . . . (H*, H° and H) in Fig. 1, as a function of Fermi energy
the CBM of materlals(l_n .Whlch case H s nondppn)gGen- Er at the hydrogen-rich limiti.e., uy=0). We see that when
erally, Iow—glectron—affmlty omde@vhoge CBM |s_close _to a E, is at the midgap, H has a low formation energy in $nO
vacuur? W.'” lr]%t bBe gop'\?% ugoon ﬂ gcogp:raotlonHLlrljely (~0 eV), so we expect large solubility. Incorporation of H
exampies inciude Bat), NI, Srt, .i and AbOs. High- . into MgO, however, requires a high energy, e-g3.5 eV for
electron-_afflnlty oxides, howevgr, will be doped upon H in- midgap Ex. The optimized atomic positions are shown in
;obrgorF;attgnl.r L'kglal exgrglples_,ngclu\;jv% QQB,i ggo’CngO’ left-hand side panels of Fig. 2: In SpPOwe found that an
F O Sb,ZOQ,NbZ%, T % Fez'lii a?{d PZBT?’ 2¥8  asymmetric configuration is the stablest for all charge states

%, 3 5, 1%, 10y Q. H~, H°, and H'. In this configuration, H is bonded to one of
We calculate formation energies as well @®nor, ac-

. . . the two axial oxygens, with an O—H bond length of 1.02 A
ceptoy defect transition energies. The formation energy of . .
) . . N o whereas the distance from H to the second oxygen is 1.87 A.
interstitial H impurity in charge statg is given by

In MgO, on the other hand, only His bonded to a neigh-
AH%uy,Er) = E(host+ HY) — E(hosb boring oxygen(with bond length of 1.0 A whereas H and
H® prefer to stay at the interstitial site without any strong
—[mn+ E(Hy) ]+ q(Eg+Eygy), (1)  O—H bond, as shown in the left-hand sid®ttom panel of
Fig. 2.
whereE(«) denotes the total energy of the systesmuy is The lowest-energy charge state of hydrogen in SigO
the hydrogen chemical potential, aid is the Fermi energy H™ for values ofE throughout the bandga(Fig. 1). Being
permanently ionized means that H in Sn@bnates an elec-
aElectronic mail: ckilic@nrel.gov tron. This clarifies that the observatfoof the rapid increase
YElectronic mail: azunger@nrel.gov of conductivity in H, atmosphere is due to the formation of a
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Formation energy of hydrogen interstitial for i =0 Atomic and Electronic Structure
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FIG. 1. LDA-corrected formation energy of interstitial hydrogen impurity in
SnQO, and MgO. The band edges of the two materials are aligned according

H
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Total and hydrogen-projected density of states (arb. units)

to their band offsets. Arrow points to transition leyel/—). AN
o
|Mg0 total |
hydrogen donor level in SnO Hence, Sn@is dopedn type Mg | T
by hydrogen. We find that CdO is also dopadtype by 20 10 0 10

hydrogen since the hydrogen donor level is above the con- Energy (eV)
duction band minimum. This confirms the evidence for the
existence of a shallow hydrogen donor level in CdO de_FIG. 2. Atomic structurgleft-hand sid¢ and density of stategight-hand

. . . ima side for H (shown by*) incorporation to Sn@ (top) and MgO (bottom).
duced from a recent muonium |mplantat|on experi rhi Right-hand side panels show also density of states projected pi#i and

MgO, however, we find that H forms a deep electronic leveld+. The projected densities of states are magnified by multiplying by 73 for
inside the bandgafef. Fig. 1), so even if H is implanted into  H in SnG;, and 65 for H in MgO. The VBM and CBM are shown at their
MgoO, this material is not doped by hydrogen. LDA vglues by \_/ertical dashed lines; the valence band edges are aligned
C according to their band offset.
The distinction between H as awmtype dopant and H as
a nondoping impurity is evident in the calculated hydrogen-
projected density of states, illustrated in right-hand side panene has a largaegative U but systems where the hydrogen
els of Fig. 2 for MgO and SnQ We see that the incorpora- levels are delocalized inside the conduction b&dO and
tion of H™ into either MgO or Sn@ produces delocalized, SnG,) exhibit aimostzero-Ubehavior. In the latter case, the
unoccupied states inside the conduction band. This is due t@lectrons initially occupying electronic levels derived from
the hybridization of hydroges orbital with the cation(Mg H® and H relax to the CBM, yieldindJ =0.
and Sn s orbitals. While in Sn@, even H and H™ produce It is interesting to seek unifying, “universal trends” for
such conduction-band resonan¢tsis, delocalized free car- the behavior of H in different oxides. For example, compari-
riers), in MgO, H -derived (partially occupied and son of H bonding in various oxides indicates that the dis-
HO-derived (fully occupied states are shifted down into the tance from H to nearest host O atom in the optimized ge-
band gap, yielding deep, localized states. Thus, electrons dometries is not affected much by the cation type and the
nated by hydrogen are trapped by gap states in MgO whilerystal structure; being 1.02 A in SaQrutile), 1.00 A in
they are transferred to the CBM in SpO CdO (rocksaly, 1.00 A in MgO (rocksali, 0.99 A in ZnO
The effective Coulomb enerdy of interstitial hydrogen  (wurtzite),®> and 1.02 A in SiQ (a-cristobalit¢.2 The near
is the difference between the ionization potential(¢f0)  invariance of this distance reflects the localized properties of
and the electron affinity of—/0), and is given by H* attachment to oxygen. Given the latter, one wonders if
_ 0 4 _ 0 there are other “universal” electronic manifestations induced
U=(AHf=AH{)—(AHy —AHY), @ by hydrogen incorporation. For example, if the position of
in terms of the formation energies of HH, and H". Gen-  H-induced transition level were also insensitive to the host
erally, hydrogen in a semiconductor formsnggative-U environment, we could imagine that some “pinning rule”
systemt! i.e., a system in which the neutral state is notwould exist, relating the hydrogen transition levels in various
stable at an¥g so that the charge state of H is eitiusor ~ oxides. Indeed, it has been previously demonstrated that the
minus Calculated values dfl for H in SiO, (a-cristobalite, energy levels of a given@impurity aligns in different 11—V
MgO (rocksal}, CdO (rocksal}, and SnQ (rutile) are —2.4  semiconductors, and separately in II-VI semiconductors,
(Ref. 8, —1.4, 0., and 0., respectively. Thus, we see that inleading to such a pinning rufé.
insulators such as Sgand MgO where H creates gap levels, We lilustrate this consideration Iin Fig. 3, showing the
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Electronic position of hydrogen (+/-) level in oxides
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FIG. 3. Position of the hydrogen pinning lev@iorizontal thick lineg in
MgO, ZnO (Ref. 3, CdO, and Sn®. The CBM and VBM band edge
energies are given in parenthesis.

calculated (+/—) transition energy level of hydrogen in
MgO, ZnO, CdO, and Sngafter aligning the relative band
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easy approximate criterion for deciding if an oxide can be
doped by hydrogen.
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