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Abstract:

The effects of the following lattice defects on the n-type electric conduction

in hydrothermally grown ZnO single crystals were investigated by means of
1

H(15N,αγ)12C nuclear reaction analysis (NRA), positron annihilation lifetime

spectrometry (PALS), and electric conductivity measurements: oxygen vacancies (VO),
interstitial zinc atoms (Zni), and impurity hydrogen atoms (H).

The results of NRA and

PALS suggest that H take three different bound states in the lattice: two types are loosely
bound to the lattice and the other is a strongly bound H existing as (zinc vacancy)hydrogen complexes.

It was found that H concentration and electric conductivity of

ZnO are not simply correlated.
For the samples heat-treated at temperatures between 1073 K and 1273 K, defectinduced conduction was observed by sample warming (thermal excitation) and light
irradiation (photoexcitation), which suggests that VO and Zni as deep and shallow donors,
respectively, were formed by the high-temperature treatments.

After heat treatment at

1373 K, however, the conductivity arises only from thermal excitation, demonstrating
that only Zni contribute to the conductivity but VO do not.

Taking into account the results

of PALS measurements as well, the author proposes a mechanism of the defect-induced
n-type conduction in ZnO that carrier electrons are generated from Zni as a result of
charge cancellation between zinc vacancies and VO.
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Zinc oxide (ZnO) has received expectation as an alternative material replacing
semiconductors which can be applied to electric devices being essential in the modern
society. For the application of ZnO, intrinsic n-type conduction has been known to be a
very important physical property of the material.

Although interstitial zinc atoms (Zni),

oxygen vacancies (VO), and impurity hydrogen atoms (H) generated or incorporated in
the matrix during the crystal growth processes and heat treatments are regarded as the
origin of the conduction, the mechanism of carrier generation is still not clearly
understood. Accordingly, it is of great importance to obtain information on the physical
and/or chemical state and thermal behavior of lattice defects contributing to the n-type
conduction of the undoped ZnO. In order to reveal the origin of the conduction, in this
work, 1H(15N,αγ)12C nuclear reaction analysis (NRA), positron annihilation lifetime
spectrometry (PALS), and electric conductivity measurements were performed to
investigate their state of being in hydrothermally grown ZnO single crystals.
The NRA results suggest that H in the as-grown sample take three different
bound states: two types are loosely bound to the lattice (LBH1 and LBH2) and the other
is a strongly bound H (SBH).

Figure 1 shows heat-treatment temperature dependence

of the concentrations of H taking different bound states.

It is found that LBH1 and

LBH2 are removed out of the nuclear reaction sites at 393 K and 773 K, respectively, but
SBH survive with their average concentration of 0.10(3) at.% even at 973 K. Compared
with the PALS results and theoretical calculations, it is suggested that SBH exist as (zinc
vacancy)-H complexes.

As shown in Fig. 2, the electric conductivity increases at 393

K but decreases stepwisely in the temperature range of 473-973 K; this tendency
demonstrates that the electric conductivity does not simply correlate with the
concentration of H.
The electric conductivity of the ZnO samples increased dramatically with rise in
the heat-treatment temperature up to 1473 K as shown in Fig. 2, which indicates that the
2

intrinsic lattice defects are formed.

From the electric conductivity measurements with

the photoexcitation and thermal excitation, the electric conduction originated from
shallow (Zni) and deep donors (VO) was observed in the samples heat-treated at 10731273 K. At 1373 K, however, the conductivity increased only when the sample was
thermally excited as shown in Fig. 3, signifying that VO become inactive electrically but
only Zni contribute to the conduction.

From the observed variation of the conductivity

in the samples heat-treated under different oxygen partial pressures, the author proposes
a new conduction mechanism that free electrons are generated from Zni through charge
cancellation between zinc vacancies (VZn) and VO when Zni and VZn are formed
simultaneously in the presence of VO.

Fig. 1

Heat-treatment temperature dependence of the concentration of impurity

hydrogen atoms in hydrothermally grown ZnO single crystals.
represent the data for the as-grown sample.
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The solid symbols

Fig. 2

Heat-treatment temperature dependence of the electric conductivity in

hydrothermally grown ZnO single crystals.

The triangle symbol represents the data

for the as-grown ZnO sample. The upper limit is shown for the electric conductivity
in the sample heat-treated at 973 K.

Fig. 3

Time variations of the conductivities ((a) and (c)) and sample temperatures

((b) and (d)) for the samples heat-treated at 1273 K (left) and 1373 K (right) as a
functions of elapsed time of light irradiation (black lines) and of sample warming (red
lines).
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