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Abstract

Zinc oxide (ZnO) is a strong candidate for energy-efficient white lighting and numerous optoelectronic applications. Hydrogen

impurities play important roles, good and bad, in the pursuit of reliable p-type doping of ZnO. In pervious work, we identified hydrogen

donors with the back-bonded or ‘‘anti-bonding’’ orientation, with an angle of 1111 to the c-axis. It is possible, however, that these

hydrogen donors are complexed with another defect. Impurities besides hydrogen are also donors in as-grown ZnO. Results from

secondary ion mass spectroscopy (SIMS) show significant concentrations of Al in samples of bulk single-crystal ZnO obtained from

Cermet, Inc., Ga and B in samples from Eagle-Picher, and Si in both.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Owing to its high quantum efficiency, band gap of
3.3 eV, and environmentally friendly composition, zinc
oxide (ZnO) is a strong candidate for energy-efficient
lighting applications. Unlike gallium nitride (GaN), large
single crystals can be grown [1]. ZnO is already utilized as a
transparent conductor [2] in solar cells [3] and is a leading
material for transparent transistors [4]. Unless reliable
p-type doping can be achieved, however, ZnO will not
become economically competitive with semiconductors like
GaN. To solve that problem, the role of donor impurities
needs to be understood. In this paper, we summarize the
results of infrared (IR) and compositional studies designed
to determine sources of n-type conductivity in ZnO.

One important donor in ZnO is hydrogen. The early
work of Mollwo [5] and Thomas and Lander [6] demon-
strated that hydrogen diffused into ZnO increased the
n-type conductivity of the sample. Several decades later,
first-principles calculations by Van de Walle [7] showed
that hydrogen was a donor in ZnO. Proposed models for
the O–H donors are shown in Fig. 1, the back-bonded or
‘‘anti-bonding’’ (AB?) configuration and the bond-cen-
tered (BCJ) configuration. Other models include the ABJ
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and BC? configurations. Motivated by this work, experi-
ments on muonium-implanted ZnO [8] and electron-
nuclear resonance studies on n-type ZnO [9] provided
evidence that hydrogen was indeed a shallow donor.
To determine the actual structure of hydrogen donors,

IR spectroscopy was used to observe local vibrational
modes (LVMs) arising from hydrogen-related complexes.
We observed an O–H bond-stretching mode at 3126 cm�1

at liquid-helium temperatures [10]. The frequency and
hydrogen/deuterium shifts were consistent with O–H
complexes. Further experiments [11], combined with first-
principles calculations [12], provided evidence that the
3126 cm�1 peak arises from hydrogen in the AB? config-
uration.
This conclusion, however, appears to contradict other

studies. IR measurements on ZnO grown by vapor-
transport grown showed a mode at 3611 cm�1, consistent
with the BCJ model [13]. In addition, a study of muonium
in ZnO claimed that the complexes are aligned parallel to
the c-axis [14]. Alvin Shi et al. [15] showed that samples
from Cermet, Inc. showed a strong 3126 cm�1 peak and a
weak 3611 cm�1 peak, and vice versa for Eagle-Picher
samples. These findings suggest that observed hydrogen
modes may arise from defect-hydrogen complexes. The
concentration of defects present in as-grown material could
determine the relative populations of the 3126 and
3611 cm�1 hydrogen-related complexes.
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Fig. 1. Two models for hydrogen donors in ZnO.

Table 1

DGNAA results for ZnO provided by Cermet and Eagle-Picher

Element Concentration (cm�3)

As o3E16

Ce o2E15

Co o2E15

Cr o1E16

Cs o3E14

Dy o4E15

Eu o3E14

Fe o1E18

Gd o4E14

Hf o3E14

K o5E18

Lu o1E14

Mn o6E15

Na o2E17

Rb o4E16

Sb o4E15

Sc o1E14

Sm o4E14

Sr o3E17

Ta o5E14

Tb o3E14

Th o2E14

Yb o2E14

Concentrations are given in units of atoms cm�3. The upper bounds apply

to both samples.

Table 2

SIMS results for ZnO provided by Cermet and Eagle-Picher

Element Ion

beam

Detection

threshold T

(cm�3)

Cermet ZnO

(cm�3)

Eagle-Picher

ZnO (cm�3)

Al O2
+ 1E14 (2.370.5)E17 (1.470.3)E15

B O2
+ 2E14 oT (2.570.5)E16

C Cs+ 3E18 oT oT

Ca O2
+ 7E14 (4.071.6)E16 oT

Cd O2
+ 1E17 oT oT

Cl Cs+ 8E16 oT oT

Cu O2
+ 5E14 �1E15 �1E15

F Cs+ 5E15 oT oT

Ga O2
+ 3E14 �1E15 �1E16

H Cs+ 2E19 oT oT

In O2
+ 1E15 oT oT

K O2
+ 3E14 oT oT

Li O2
+ 3E13 (8.573.4)E15 oT

Mg O2
+ 5E13 (1.670.6)E16 oT

N Cs+ 2E16 oT oT

Na O2
+ 1E14 (1.270.5)E15 (2.070.8)E14

Si Cs+ 5E15 (1.070.2)E17 (1.370.3)E17
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While hydrogen is certainly a donor in ZnO, it is not the
only one. It is known that group-III impurities such as Al
and Ga are important sources of n-type conductivity [16].
To address issues related to hydrogen and other donors in
ZnO, we performed secondary ion mass spectrometry
(SIMS) and nuclear activation analysis (NAA) on samples
provided by Cermet and Eagle-Picher.

2. Experiment

Bulk, single-crystal samples from Cermet, Inc. and
Eagle-Picher were used in this study. The Cermet samples
are grown by a pressurized melt-growth process [17],
whereas the Eagle-Picher samples were grown by chemical
vapor transport [18]. Hall-effect measurements were
performed in the Van der Pauw geometry with silver
contacts. The measurements showed free electron concen-
trations of (1.4870.03)� 1017 cm�3 and (1.1070.01)�
1017 cm�3 for the Cermet and Eagle-Picher samples,
respectively.

Delayed gamma neutron activation analysis (DGNAA)
was performed using the 1MW General Atomics TRIGA
nuclear reactor at Washington State University. The
DGNAA technique relies on the fact that certain stable
isotopes can capture thermal neutrons and become radio-
active. The radioactive atom then decays with a unique
gamma-ray emission energy and half-life, providing a
‘‘fingerprint’’ for the element. Two samples, one produced
by Eagle-Picher and the other produced by Cermet, Inc.,
were placed in the reactor along with two standards of
known composition.

SIMS was performed by the Evans Analytical Group,
using O2

+ and Cs+ primary ion beams with energies of 8
and 14.5 keV, respectively. The O2

+ beam is used for
positive secondary ions (elements on the left side of the
periodic table) and the Cs+ beam is used for negative
secondary ions.

3. Results

The DGNAA results are shown in Table 1. Although no
impurities were detected in either sample, the results place
upper bounds on potentially important impurities such as
Ce, Co, and Mn. The difference in sensitivities between
DGNAA and SIMS arises, in part, from the fact that only
certain naturally occurring isotopes give rise to a DGNAA
signal.
The SIMS results (Table 2) provide useful information

about difference between Cermet and Eagle-Picher sam-
ples. Depth profiles are shown in Figs. 2 and 3. Cermet
samples contain significant concentrations of Al
(�2� 1017 cm�3). This level is comparable to the free
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Fig. 2. SIMS depth profile of group-III impurities in Cermet ZnO.
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Fig. 3. SIMS depth profile of group-III impurities in Eagle-Picher ZnO.
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electron concentration, suggesting that Al impurities are
the dominant donors in Cermet ZnO samples. Eagle-Picher
samples, in contrast, contain Ga and B impurities with
concentrations �1016 cm�3. Prior studies have shown that
Eagle-Picher samples contain H donors with a concentra-
tion of �1017 cm�3 [9,19]. It is plausible that these H
donors are in the form of hydrogen-decorated oxygen
vacancies [20].

Cermet samples contain the group-II elements Ca and
Mg with concentrations of �1016 cm�3. It is possible that
the O–H LVMs observed by Jokela and McCluskey [11]
arise from complexes with these elements, although there is
no definitive proof of this. Finally, both samples contained
Cu impurities at the 1015 cm�3 level and Si impurities at the
1017 cm�3 level. While Cu is known to be an acceptor, the
role of Si has not been investigated.

4. Conclusions

The primary source of n-type conductivity in Cermet
ZnO is likely Al, whereas Eagle-Picher samples contain
comparable concentrations of B, Ga, and H donors. Both
samples contain Si impurities. Cermet samples also contain
the isoelectronic impurities Mg and Ca. The reason why
hydrogen forms different IR-active complexes in the two
samples is still unclear, although Mg–OH or Ca–OH
complexes are possibilities.
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