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Abstract. Hydrogen plays an important role as an impurity in solids. Hydrogen's interactions
with materials are discussed on the basis of its behavior as an isolated interstitial impurity. In
most semiconductors and oxides hydrogen is amphoteric, aways counteracting the prevailing
conductivity of the material. But in some materials hydrogen acts as a source of conductivity.
These concepts are illustrated with the example of hydrogen in zinc oxide.

INTRODUCTION

Hydrogen displays a range of complex behaviors when introduced as an impurity in
solids. Interstitial hydrogen is a fast diffuser. It can bind to native defects or to other
impurities, often eiminating their electrical activity — a phenomenon known as pas-
sivation. But hydrogen can also induce electrically active defects. Various techno-
logical developments are lending new urgency to a fuller understanding of the behav-
ior of hydrogen in solids: the search for improved hydrogen storage systems and pro-
ton exchange membranes for fuel cells; the pursuit of novel dielectrics for integrated
circuits (in which hydrogen may play an equally important role as it does at the
Si/SIO, interface); and efforts to take advantage of the passivation of dopant impuri-
ties during growth to enhance doping levels (codoping).

Over the past 20 years we have learnt a great deal about hydrogen in semiconduc-
tors, based on experiment as well as theory. Many aspects of hydrogen's interactions
with materials can be understood on the basis of the behavior of hydrogen as an iso-
lated interstitial impurity. In most semiconductors hydrogen is amphoteric: H acts as
a donor (HY) in p-type material, and as an acceptor (H") in n-type material, aways
counteracting the prevailing conductivity. For instance, in GaN hydrogen passivates
Mg acceptors, and needs to be removed in a post-growth anneal in order to activate the
acceptors [1]. Subsequent experiments and first-principles calculations for a number
of other semiconductors seemed to confirm this behavior as a general feature of hy-
drogen’s interactions with semiconductors. It therefore came as a surprise when cal-
culations showed that hydrogen behaves exclusively as a donor in ZnO [2]. Only the
positive charge state is stable in ZnO, and therefore hydrogen can act as a source of
doping, rather than merely reducing the conductivity introduced by other dopants.
The donor character of hydrogen in ZnO obviously has a number of practical conse-
guences. However, maybe the most interesting issue is: what is the fundamental rea-
son for hydrogen to behave differently in ZnO? In the course of investigating this
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guestion we have been able to predict that hydrogen will act as a source of dopingin a
number of other materials as well, including InN [3] and InGaAsN alloys [4], where
first-principles calculations have already confirmed the behavior. A general model for
predicting the behavior of H in semiconductors and oxides is discussed.

| will also discuss a specific example of hydrogen passivation of point defects. In
ZnO, hydrogen in an oxygen vacancy acts as a shallow donor, while hydrogen in a
zinc vacancy passivates the defect, and suppresses the green luminescence associated
with zinc vacancies [5].

METHODS

We use first-principles calculations to study the behavior of hydrogen in a wide
range of materials. The approach is based on density-functional theory (DFT) within
the local density approximation (LDA) and the pseudopotential-plane-wave method.
The key quantities that determine the properties of hydrogen are the formation energy,
i.e., the energy needed to incorporate H in the host, and the electronic transition level,
which defines the electrical behavior. The transition level €(+/-) between the positive
and negative charge states is defined as the Fermi-level position for which the forma-
tion energies of these charge states are equal. The calculations for interstitial H were
carried out in supercells containing either 64 atoms for zinc-blende or 96 atoms for
wurtzite. For H the Coulomb potential is used. Energy differences for hydrogen-
containing systems are well converged at a 40 Ry plane-wave cutoff. For each charge
state of H, many possible sites in the lattice were explored and the globa minimum
was identified. Further details can befound in Ref. [1].

INTERSTITIAL HYDROGEN

Hydrogen in GaN

Figure 1 illustrates the basic concepts with the example of hydrogen in GaN. HC is
never the lowest-energy state (characteristic of a “negative-U” system), causing the
donor level €(+/0) to lie above the acceptor level €(0/-). When Er moves through the
band gap, the stable charge state thus changes directly from positive (for Er below 2.4
eV) to negative (for Er above 2.4 eV). Thisimplies that in p-type GaN [Er close to
the valence-band maximum (VBM)] H* is favored, while in n-type GaN [Er close to
the conduction-band minimum (CBM)] H™ is stable, providing the basis for hydrogen's
tendency to counteract the prevailing conductivity. The Fermi-level position where
the positive and negative charge states are equal in energy is labeled (+/-), and plays
acrucia role in the theory. This behavior of hydrogen in GaN is qualitatively very
similar to what has been observed or calculated for other materials [1,6], athough
guantitatively the values of formation energies and transition levels vary over alarge
range.
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FIGURE 1. Formation energy of interstitial hydrogen in wurtzite GaN as a function of Fermi level,
obtained from DFT-LDA calculations. Er=0 corresponds to the valence-band maximum, and formation
energies are referenced to the energy of an H, molecule.

Hydrogen in ZnO

In some materials, however, hydrogen exhibits a completely different behavior: for
instance, in ZnO H° and H™ are aways higher in energy than H*, for any Fermi-level
position [2]. The fact that only H” is stable implies that hydrogen acts as a shallow
donor, i.e., as a source of conductivity. In this case, €(+/-) does not lie in the band
gap, but above the conduction-band minimum (CBM).

H* in ZnO prefers sites where it can strongly bind to an oxygen atom, forming an
O-H bond with a length of 0.99-1.01 A. Large lattice relaxations occur around the
hydrogen interstitial; in particular, for the bond-center (BC) configuration the Zn atom
moves outward over a distance equal to 40 % of the bond length (0.8 A), to a position
slightly beyond the plane of its nearest neighbors. Simultaneously, the O atom moves
outwards by 11 % of the bond length.

We have also studied substitutional hydrogen on an oxygen site (which can aso be
regarded as a complex consisting of an oxygen vacancy and a hydrogen atom). The
calculated binding energy, expressed with respect to H and Vo, is0.8 eV. The hydro-
gen atom is located close to the nominal oxygen lattice position (to within 0.05 A).
We have found that substitutional hydrogen also behaves as a shallow donor.

The fact that only the positive charge state of hydrogen is stable in ZnO
implies that H can act as a dopant in this material. Indeed, unlike the situation in
GaN, hydrogen in ZnO does not self-compensate. No matter how close we drive the
Fermi level to the conduction band, hydrogen continues to act as a donor. This result
has important consequences for ZnO technology.
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ZnO indeed has numerous technological applications, including in varistors,
transducers, phosphors, and sensors. A recent resurgence of interest in ZnO has oc-
curred due to advances in bulk crystal as well as thin-film growth, and because of po-
tential new applications of ZnO in light-emitting devices. ZnO has a band gap of 3.4
eV, very close to that of GaN; one may thus envision using it for similar applications
as GaN in optoelectronics, i.e., light emitting diodes and lasers in the blue and UV re-
gion of the spectrum. Efficient excitonic emission should be possible at room tem-
perature due to the large exciton binding energy (60 meV). For comparison, the exci-
ton binding energy in GaN is 25 meV. Optically pumped lasing has already been re-
ported in ZnO platelets [7], thin films [8], clusters consisting of ZnO nanocrystals [9],
and ZnO nanowires [10].

ZnO can be grown with a variety of techniques, and most of these produce ZnO that
exhibits residual n-type conductivity, sometimes at a very high level. This high level
of n-type conductivity may be useful for some applications, such as transparent con-
ductors that can be used for solar cells or displays, but in general it would be desirable
to have better control over the conductivity. In particular, the ability to reduce the n-
type background and to achieve p-type doping would open up tremendous possibilities
for device applicationsin general and for light-emitting diodes and lasers in particular.
A fundamental understanding of which impurities can act as donors in ZnO is there-
fore very important. In particular, since hydrogen is an omnipresent impurity, and
since many of the growth techniques either intentionally or unintentionally introduce
hydrogen, it should come as no surprise that hydrogen would play a role in the unin-
tentional n-type doping.

Experimental indications for hydrogen's behavior as a donor in ZnO were aready
reported in the 1950s[11,12], and the nature of hydrogen as a donor impurity has con-
clusively emerged from recent experiments. Muon spin rotation is a technique similar
to electron paramagnetic resonance (EPR), based on muonium, which is a pseudo-
isotope of hydrogen. Muonium in ZnO was observed to exhibit all characteristics of a
shallow donor, including ionization behavior consistent with a level close to the con-
duction band, and a delocalized wavefunction [13,14]. Electron paramagnetic reso-
nance has also recently resulted in a direct observation of hydrogen in ZnO, with be-
havior congistent with a shallow donor [15]. Hydrogen was identified as one of two
residual donorsin commercial ZnO samples; the presence of two donors in this mate-
rial is consistent with Hall measurements. The involvement of hydrogen in the struc-
ture of one of these donors was confirmed by electron-nuclear double resonance (EN-
DOR).

It is an interesting question whether these experiments observe the interstitial or the
substitutional species. Because of the way the muons are introduced in the ZnO mate-
rial, we believe the muon spin rotation experiments observe the equivalent of isolated
interstitial hydrogen. In the EPR experiments on commercial ZnO however, we sus-
pect the substitutional species may be observed, based on its greater stability.
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General theory of hydrogen in semiconductors

As discussed above, hydrogen in ZnO behaves very differently from hydrogen
in the semiconductors that were previoudy studied, including Si, GaAs, GaN, etc.
In the latter, hydrogen is an amphoteric impurity, corresponding to the notion that the
g(+/-) transition level occurs well within the band gap (as we saw in the case of GaN).
In ZnO, however, only H” is stable, meaning that £(+/-) occurs above the conduction-
band minimum (CBM). The crucial question is why g(+/-) for H in ZnO occurs in
such a different energetic position (above the CBM) compared to, say, €(+/-) in GaN
(at 2.4 eV above the valence band). A detailed analysis showed no correlation of the
position of the charge transfer level with ionicity, band gap, cohesive energy, or hy-
drogen formation energy. However, we have discovered a direct link with the position
of the band structure on an absolute energy scale [16]. Indeed, despite the similarity
of their band gaps, the band offsets between GaN and ZnO are quite large. The calcu-
lated valence-band offset is about 1.3 V. Assuming that the hydrogen g(+/-) level
occurs at the same “absolute” energy across various semiconductors, its position at
E,+2.4 €V in GaN would place it at E,+2.4+1.3 = E,+3.7 €V in ZnO, i.e., well above
the ZnO CBM - congistent with our explicit first-principles results for hydrogen in
ZnO.

Encouraged by this agreement, we have investigated the assumption that the g(+/-)
would be constant on an absolute energy scale for a wider range of materials. A com-
bination of first-principles calculations for hydrogen levels and for band lineups has
indeed confirmed that thisisthe case [16]. The correlation hasin fact already allowed
several interesting predictions. For instance, the expected value of g(+/-) in InN lies
well above the CBM, a prediction that was confirmed by explicit first-principles calcu-
lations [3] that indeed showed that only H* is stable in InN. Subsequently,
muon-spin rotation has confirmed the shallow-donor character [17], and experimental
investigations of INN grown with gas-source molecular beam epitaxy [18] have also
shown that the electron concentrations in InNN exceed the concentrations of known
shallow donors such as oxygen or silicon, suggesting that hydrogen (which is present
in high concentrations) is causing the n-type conductivity.

Another case that was recently studied is GaAsN. Although g(+/-) lies well within
the band gap for both GaAs and GaN, we speculated that the large band-gap bowing
observed in GaAsN alloys could push the CBM far enough down to cause e(+/-) to lie
above it. Again, explicit calculations [4] have now confirmed this prediction. The
shallow donor nature of hydrogen is even stronger in the technologically important
InGaAsN alloys, which have an even lower CBM than GaAsN.

HYDROGEN INTERACTIONSWITH POINT DEFECTS

It is well known that hydrogen can passivate point defects. An interesting example
of such interactions has recently been studied, both experimentally and theoretically,
in ZnO [5]. We mentioned above that hydrogen in an oxygen vacancy acts as a shal-
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low donor, i.e., it isan electrically active defect. But hydrogen has a distinct passivat-
ing effect on the zinc vacancy. We have previously proposed that the zinc vacancy in
ZnO is a possible source of the frequently observed green luminescence [19]. Sekigu-
chi et al. [20] have observed that a hydrogen plasma treatment strongly reduces the
intensity of the green luminescence. We have therefore investigated the interaction
between hydrogen and zinc vacancies. The Zn vacancy is a double acceptor and oc-
curs in the 2— charge state (Vzy) in n-type ZnO. This immediately suggests that the
vacancy can be neutralized by binding two hydrogen atoms. We find, indeed, that the
binding energy per H, referenced to interstitial H', is 1.80 eV. Passivation of Vz, with
two hydrogen atoms eliminates the optical activity of the center. One of the hydrogen
atoms forms an O—H bond oriented approximately along the ¢ axis (our calculations
actually produce an angle with the ¢ axis of 10°). The other hydrogen forms an O-H
bond at an angle of 98° with the c axis; i.e,, it is tilted away from the nominal Zn-O
bond direction in the perfect crystal by about 11°, towards a direction perpendicular to
the c axis. We have calculated the vibrationa frequencies of the stretch modes corre-
sponding to the O-H bonds. These vibrational frequencies have been found to be in
good agreement with the values obtained from infrared absorption spectroscopy on
hydrogenated samples[5].

CONCLUSIONS

Hydrogen strongly affects the eectronic properties of materials. We have given
examples of cases where hydrogen passivates the electrical and optical activity of
other centers, but hydrogen can also serve as a source of doping in its own right. A
general model for predicting the electrical behavior of hydrogen in semiconductors
and oxides has been developed.
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