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Understanding H-defect complexes in ZnO
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From state-of-the-art density-functional calculations using hybrid functionals we show that, per-
sistent n-type conductivity in ZnO is due to defect complexes formed between H with intrinsic and
extrinsic defects. H exhibits cationic, anionic, and electrically-inactive character on interacting with
defects in ZnO. The electrically-inactive molecular hydrogen can contribute to n-type conductivity
in ZnO by activating deep donor levels into shallow levels. By calculating local vibrational mode
frequencies, we have identified origins of many H-related Raman and infra-red frequencies and thus

confirmed the amphoteric behavior of H.

PACS numbers: 71., 81.05.Je, 71.15.N¢, 71.20.-b, 81.40.Rs

ZnO is one of the the most studied wide band-gap (E,)
semiconductors because of its wide range of applications.
Though as-prepared samples of ZnO contain many im-
purities, interaction of ubiquitous impurity like H with
Zn0O has many important technological implications. For
example, H is expected to become an environmentally-
benign fuel in future and nanophase ZnO can be a po-
tential sensor for H because of its excellent characteris-
tics |1]. Moreover, ZnO is considered as a prospective
material for hydrogen storage in future [3] because high
amount of hydrogen (30.5 at.%) can be introduced into
ZnO crystals by electrochemical charging. The stabil-
ity of ZnO against hydrogen plasma makes it interesting
also for solar cell applications where ZnO is used as a
transparent-conducting electrode [2]. Therefore it is vi-
tal to understand the influence of H on properties of ZnO.

ZnO exhibits n-type conductivity even without delib-
erate doping. Introduction of hydrogen into ZnO at ele-
vated temperatures was shown to give rise to the n-type
conductivity [4, 5]. First-principles investigations [6, 7]
substantiated that interstitial H (H;) and substitutional
H (Hp) are indeed shallow donors and contribute to the
n-type conductivity. By annealing hydrogenated ZnO
samples, 78% of the free carriers were eliminated near
150°C and the remainder between 500—700°C []. How-
ever H; is shown [9, [10] to be unstable above room tem-
perature, making it difficult to understand how hydrogen
alone can give rise to conductivity at high temperatures.
Moreover, the donor levels from H; and Hp are shown
to be resonant inside conduction band whereas various
experimental techniques [5, [10-16], observed a H-related
shallow donor level at 25—50 meV below conduction band
minimum (CBM) whose origin is not clearly understood.

In addition, many vibrational frequencies have been
measured in ZnO by infra-red (IR) spectroscopy whose
origins are still puzzling. For example, the promi-
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nent peak at 3326 was earlier believed to be related to
H; at anti-bonding (ABp, 1) [8] and later assigned to
Vzn+H; |17] and Cagz,+H; complex [18]. The peak at
3611 cm ™! is assigned to H; at bond-centered (BCy)) site
[15], but impurity-hydrogen complex was not ruled out
as this peak was stable up to 350°C in annealing exper-
iments |31]. IR and Raman spectroscopy can provide
valuable clues about the nature of a defect, from fre-
quency and symmetry of the observed modes. However,
comparison of these values with first-principles calcula-
tions can provide a conclusive microscopic identification
of a defect [20].

We have performed first-principles calculations using
the projected augmented plane-wave method [21] im-
plemented in the Vienna ab initio simulation package
(VASP) [22]. Complete structural optimizations with
H at various interstitial/substitutional positions, with-
out and with impurities like Li, B, C, N, Al, and Ga
in different charge states were done. Supercells of 192
atoms with a plane-wave energy cutoff of 550eV were
used. The atomic geometry was optimized by force as
well as stress minimizations with convergence criteria of
1075 eV per unit cell for total energy and < 1 meV A1
for forces. Exchange and correlation effects are treated
under the generalized-gradient-approximation [23] with
Perdew-Burke-Ehrenkof functional. To identify the ori-
gin of experimentally-observed IR and Raman-active
phonon mode frequencies, we have derived the local vi-
brational mode (LVM) frequencies from “frozen-phonon”
calculations. The concerned atoms are displaced in steps
of 0.001 A to a maximum of 0.005 A in both directions
to account for possible anharmonic effects. More details
are given in Ref. |27 where the calculated frequencies are
shown to be within 10 cm ™! from experimental values.

Finally one set of structure optimization and electronic
structure calculation was carried out using the Heyd-
Scuseria-Ernzerhof (HSE) hybrid functional [24] with a
screening parameter of a = 0.375 which reproduced the
experimental structural parameters and band-gap value
for ZnO. The total energy obtained using HSE functional
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FIG. 1: (Color online) Formation energy of defects obtained
using hybrid functionals (under Zn-rich conditions). The dots
indicate charge-transition points and the charge states are
given on the illustration.

is used to derive defect formation energy and thermody-
namic transition levels of various defects as described in
Refs. 125, 126.

Hydrogen is shown to be commonly present in as-
grown ZnO samples. Diffusion of H; due to annealing of
sample at 150°C (8] was suggested to form interstitial Ho
molecule which is ”hidden” from experimental techniques
like IR, ESR measurements etc. The Raman frequency
for this so-called "hidden” hydrogen is recently measured
to be 4145 cm~! [15]. In order to understand formation
of "hidden” hydrogen better, we modeled H at six differ-
ent interstitial positions (H;), H at oxygen vacancy (Hp),
and Hs molecule in the interstitial channel (Hg ;) ori-
ented along z, vy, z directions. We found that H ;,; along
z-direction in neutral state has the lowest formation en-
ergy among its counterparts oriented along x and y di-
rections. However, the formation energy of H; and Hop is
lower compared to that of Hs ;.. The calculated Raman
frequency for Ha ;,; along z-direction is 4047 cm™!, in
agreement with previous theoretical study [9]. It can be
seen from Fig. [[] that Hs ;;,; has the highest formation
energy among other H-related defects considered.

It has been well established that the oxygen vacancy
(Vo) is the dominant intrinsic defect in ZnO [6, [25].
When Vo is formed, electrons from dangling bonds of
surrounding Zn sites are localized at the vacancy [26].
We have shown [28] that H prefers to occupy sites where
non-bonding localized electron density is maximum and
where it could obtain maximum screening [7]. In conjunc-
tion, when H occupies the Vo (Hp), the surrounding Zn
atoms are relaxed towards Hp. As Vo prefers to be in 2+
state, we introduced another interstitial H close to Hp,
and thus modelled two configurations: (i) Ho and a H; at
BCj and (ii) Ho and a H; at ABp,1 (see Fig.[Bk). Inter-
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FIG. 2: (Color online) Density of state for s-orbitals of H
in the Ho+H,; complex and s-orbitals of the neighboring Zn
atoms that is displaced along z-axis (see text). For compari-
son, Zn-s orbitals in pure ZnO is shown in red (solid) lines.

estingly, the H; placed at a distance of 0.98 A from Ho,
relaxes towards Hp and forms a complex with a Ho—H;
distance of 0.76 A. It is worthwhile to note that the H—H
distance in gaseous Hs is 0.74 A. Hence the Ho+H; com-
plex can be visualized as a Hy molecule trapped at a V.
Formation energy of this complex is nearly 1.25 eV lower
than the isolated Hg ;,; molecule (Fig. [J).

Interestingly, the calculated Raman frequencies for
Ho+H;(BC)) and Ho+H;(ABo, 1) are 4103 and 4108
cm ™!, respectively, in better agreement with experimen-
tal value than that for Hy ;¢ (see Table 1). The calcu-
lated Raman frequency for Do+D; complex (2908 cm~!)
is also in good agreement with experimental value of 2985
cm~!. Thus, Ho+H; complex could be a better candi-
date for the so-called "hidden” hydrogen in ZnO, in line
with the recent calculations [29)].

In addition to the 4145 cm ™! line, a weaker component
blue-shifted by 8 cm~! was also observed [15], believed
to be due to the ortho-para splitting of the interstitial
Hy molecule in ZnO. The calculated formation energy
of Ho+H;(BCy) is only slightly higher (2 meV) than
Ho+H;(ABo, ). Therefore H; in the Ho+H; complex
can easily move from the ABp | site to the BC site,
leading to a difference in Raman frequency of 5 cm~1.
Hence, in addition to the ortho-para splitting of the Ho
molecule (trapped at Vp), different geometric orienta-
tions of the Hpo+H; complex could also lead to the ob-
served blue-shift of the Raman frequency.

The Ho+H; complex has the lowest formation energy
(up to mid-gap value; Fig. [[) among H-related defects



considered. While the 1+ to 0 transition of H; occurs
exactly at CBM, the Hp has the same at 0.3 eV above
the CBM. On the other hand, the Ho+H; complex is
stable in 24 state for most of the Fermi energy val-
ues and the 24 to 0 transition occurs at 50 meV be-
low CBM (shallow donor level). This could explain the
electrical conductivity measurements (40—51 meV) made
in 1950s |4, [11] and the following experimental observa-
tions: The ionization energy of H in ZnO is 3545 meV
by EPR measurements [10, 12]. The Hall measurements
on vapor-phase grown samples showed a H donor level at
30-40 meV which increased to 50 meV upon increasing
temperature. Hydrogen-implanted hydrothermal-grown
ZnO films and ZnO annealed in Zn-rich (O-deficient) con-
ditions also showed a donor level ~ 45 meV that was
stable at high temperatures |14, [16]. The photolumines-
cence spectra exhibit a sharp excitonic feature at 3.363
eV (known as I, line; optical fingerprint of H in vapor-
phase grown ZnO [13]) very close to where we observe
the 2+ to 0 transition of the Ho+H; complex.

Usually Hy is believed to be electrically inactive,
whereas the present study shows that a shallow donor
level is created when Hsy occupies Vp. To understand
the mechanism leading to the formation of this shallow
level we analyzed the electronic structure in detail. The
calculated DOS using HSE functional (E4 = 3.3 V) show
that s-orbitals of Hp and H; are well-localized with sharp
peaks between —8 to —6 eV, implying that the Hpo+H;
complex is electrically-inactive. The charge density sur-
rounding the Hp+H; complex clearly substantiates its
molecular-like character (Fig. Bh).

To obtain more insight, the DOS of Zn atoms sur-
rounding the Hp+H; complex is compared with that
of pure ZnO (shaded DOS in Fig. @). The Zn-p and
Zn-d states of Zn atoms surrounding the complex are
not changed very much compared to those in pure ZnO.
However, the unoccupied Zn-s levels are shifted to lower
energy from CBM. When Hs occupies the Vo, the sur-
rounding Zn atoms are relaxed outwards from V. The
bond-lengths of Zn1, Zn2, and Zn4 with their neighbors
increase by nearly 24.5% compared to that in pure ZnO.
7Zn3 moves away along z-axis by 28.3% to compensate
the repulsive interaction from electrons at the Ho+H;
complex. Therefore Zn3 occupies an interstitial site and
becomes co-planar with the neighboring O atoms. The
charge density clearly shows an overlap interaction of
Zn-s states with O-s states along z direction (see ar-
row in Fig. Bh) as a result of the displacement of the
Zn3 atom. In agreement with the above inference, the
muon-electron contact hyperfine interaction showed [30]
a shallow level at 60 + 10 meV below CBM with a highly
dilated electron wave function of Zn-4s character. Thus
the electrically-inactive Ha molecule at Vo indirectly in-
troduces an overlap interaction between neighboring Zn
and O, which activates the deep donor level from VQO+
into a shallow level (Fig. ).

Our nudged-elastic band (NEB) calculations show that
the Ho+H; complex is 0.38 eV higher in energy than iso-

TABLE I: Local vibrational mode frequencies (in cm™') of
hydrogen in ZnO. The identified origin of the frequencies, the
corresponding H positions and orientations are given.

Frequency Origin  H position Orientation

Expt. [Ref.] Present

4145 [15] 1108 Ho+H;  ABo.. -

- 4047 H2,int HC —

- 338 Ho+H; BCH —
- 560 Lizn,+Ho Vo lc
3611 [31] 3621  Bzn+H; BC lc
3326 [32] 3337 Alzn+H; ABo,. lc
3349 [31] 3339 Vz.+2H; ABo,. lec

- 3352 Gazn,+H; BC” ||C
3312 [31] 3312 Alz,+H;  BCy lle

lated Hp and H;. Moreover, the reaction barrier to form
the Ho+H; complex from isolated Hp and H; is 0.92 eV
indicating that it can be formed at high temperatures.
The migration barrier for a Hs ;,+ to occupy a Vo is cal-
culated to be less than 19 meV, indicating that molecular
H prefers to occupy the Vo than to be at the interstitial
channel. As Vo is formed at elevated temperature, Ho
molecule can occupy the Vo to form the Ho+H; complex,
consistent with experimental observation [8]. It may be
noted that the experimentally established [4, 5] activation
energy of a H-related donor at 40 meV observed at high
temperature is 0.91—1.12 eV, in good agreement with our
finding. This implies that the Ho+H; complex could be
a meta-stable species and could explain the conductivity
measurements on ZnO at high temperatures.

Many H-related vibrational frequencies have been mea-
sured in ZnO by IR spectroscopy, in particular absorption
peaks at 3611 and 3326 cm~! are the most prominent
frequencies. As ZnO can be prepared by many differ-
ent synthetic techniques and conditions, incorporation of
different impurities becomes unavoidable. Although fre-
quency and symmetry of the observed modes from IR and
Raman spectroscopy can provide valuable clues about the
nature of a defect, comparisons with first-principles cal-
culations are needed to provide a conclusive microscopic
identification of a defect [20]. In order to isolate the role
of individual defects, we have calculated energetics and
IR frequencies of H in different interstitial positions as
well as with company of other impurities.

The calculated LVM of H at wvarious intersti-
tial/substitutional positions together with other de-
fects/impurities are given in Table[ll The calculated LVM
for isolated H; at BC, AB), BC ., and AB, are 3565,
3440, 2540, and 3155 cm ™!, respectively. On the other
hand, the calculated LVM for H; at BC” adjacent to Bz,
(Boron at Vz,; Fig. Bb) gives a value of 3621 cm™!, in
excellent agreement with experiment. Interestingly, the
samples grown by CVD have Boron as one of the domi-
nant impurities which lead to the peak at 3611 cm™! [34].
Moreover, for H; at AB, adjacent to Alg, the calcu-
lated frequency is 3337 cm™!, in good agreement with
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FIG. 3: (Color online) Electronic charge density of ZnO showing (a) electrically neutral Ho+H;; Bonding states arising due to
Zn displacement are shown by arrow (b) cationic H in Bz,+H; at BCy,.

experimental value. It is noteworthy that SIMS mea-
surements [34] showed significant concentrations of Al
in the melt-grown samples that have the dominant peak
at 3326 cm~! HE] The experimental frequencies are
dependent on sample preparation and annealing condi-
tions m, @], substantiating our findings that the ob-
served hydrogen modes could also arise from impurity-
hydrogen complexes. Interestingly, these complexes are
stable in 2+ charge state, implying their contribution to
the n-type conductivity in ZnO where H has a cationic
character. Even though we have considered as many im-
purity+H complexes as possible within computational
limitations, other defect complexes leading to the ob-
served frequencies can not be completely ruled out.

As seen above, H by attaching to O exhibits cationic
character with impurities like B, and Al (Fig. Bb) like in
the case of proton-conducting oxides. Additional calcu-
lations show that anionic H (Hp close to Lig,) is ener-
getically more favorable than cationic H in the company
of Liz,. When H occupies an intrinsic defect like Vo,
it takes up anionic character (as in ionic hydrides) and
brings in n-type conductivity at ambient conditions. In
contrast, in molecular H and organic solids, H is neutral
and forms strong covalent bonding. As shown in Fig. [l
and Fig.[Bh, this neutral Hy at Vo induces shallow donor
level at high temperatures in ZnO. The frequencies 3611
and 4145 cm~! are measured in the same sample under
different annealing conditions , @] Our calculations
show that formation of cationic H (H; close to Bz, and

Alz,), neutral (Hy at Vo) and, anionic H (Hp close to
Liz,) is energetically favorable and lead to the often-
observed IR and Raman frequencies in ZnO. This implies
that H can exhibit amphoteric behavior in the same sam-
ple under different conditions. This chemically-adaptable
versatile nature of H makes it stable with the company
of both donor and acceptor-type impurities. However,
H always induces n-type conductivity with intrinsic and
extrinsic defects in spite of its amphoteric behavior as
shown above. This could explain the persistent n-type
conductivity of ZnO at low as well as high temperatures.

In this letter we have shown that even the electrically-
inactive molecular hydrogen is shown to activate deep
donor levels and thus bring in n-type conductivity. H
can exhibit cationic, anionic and neutral character in a
single material under different conditions. The defect
complexes formed between H and prominent impurities
like Li, B, and Al could give rise to the H-related local
vibrational modes in ZnO and enhance its n-type con-
ductivity. Therefore these impurities should be removed
by annealing treatments to bring in p-type conductivity
in ZnO. We have demonstrated that experimental results
together with present type of theoretical calculations are
needed to characterize impurities in semiconductors un-
ambiguously.
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