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RF-sputtered ZnO films were annealed under various annealing ambient atmospheres, including a vacuum, air, and water vapor. The
physical and electrical properties of ZnO films annealed in various ambient atmospheres, were studied as a function of annealing
temperature. The carrier concentration was dramatically increased, and the mobility was decreased when the films were annealed in
a vacuum or water vapor. Even though the annealing ambient atmosphere and temperature were different, the preferred orientation
and crystallization of the annealed ZnO films are maintained. However, two distinct band edge states below the conduction band,
observed by spectroscopic ellipsometry measurement, undergo a thermal change as a function of annealing ambient atmosphere and
these changes are correlated to changes in carrier concentration and mobility.
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N-type ZnO material with wide-bandgap (∼3.3 eV) has been investigated for a wide range of applications, such as UV light emitters,
spintronic devices, transparent high-power electronics, surface acoustic wave devices, piezoelectronic transducers, gas and biological sensors, and solar cells.1, 2 In particular, ZnO-based thin film transistors
(TFTs) are very attractive in flexible and transparent electronics because the devices show the moderate hall mobility (>1 cm2 /V.s) even
on room temperature and the ZnO semiconductors is transparent in
the visible range.3
Recently, several researchers have reported TFTs application using
stoichiometry ZnO semiconductor by various deposition methods.4, 5
However, the devices usually showed high off-current (>10−11 A) and
poor on/off ratio of drain current, which is very important factor to
decide switching modulation of devices, since the resistivity of ZnO
film is very sensitive on oxygen states during the deposition or posttreatment. Thus, the major interest of these researches is the modulation of ZnO material properties, such as carrier concentration and
mobility with simple processing conditions. The modification of ZnO
properties were achieved by impurities doping, ion implantation, annealing process and the other method.6 Unfortunately, the impurities
doping into ZnO films have induced in high cost and complication
for doping elements. The ion implantation also produces the collision damage into ZnO matrix, which can generate unnecessary and
uncontrollable defect states.7
In this study, we examine the effects of simple thermal treatments
under various annealing ambient atmospheres on ZnO films, in terms
of physical, and electrical properties. Moreover, physical origins of
change in electrical properties of ZnO films are investigated and are
analyzed by the evolution of band edge states as a function of thermally
driven energy.
Experimental
P-type Si wafers with thermally grown SiO2 (100 nm) were used
as substrates onto which ZnO films (50 nm) were deposited without
the substrate heating by a radio frequency (RF) sputtering system.
The RF power and process pressure were set to 75 W and 10 mTorr,
respectively, which was controlled by an Ar gas flow rate of 50 sccm.
After that, ZnO films were annealed by a furnace system with a quartz
tube and quartz loading bar. The annealing duration was 1 hour and
the temperature was at 150◦ C, and 300◦ C. In order to examine the
effects of the post-annealing, the annealing ambient atmosphere was
maintained for air, vacuum, and water vapor conditions. The annealing in the ambient atmosphere of air was performed on the day had
z
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humidity of ∼38% The vacuum ambient atmosphere was controlled
by a rotary pump to maintain a pressure below 5 × 10−2 Torr. The
water vapor ambient atmosphere was produced using a water bubbler
system with a N2 gas flow of 100 sccm. Water vapor annealing was
carried out at 10mtorr using a rotary pump and throat valve. In order to
the electrical properties such as carrier concentration and hall mobility
of ZnO films, Hall measurements were carried out using van der Pauw
configuration with the permanent magnet of 0.55 Tesla at room temperature. The crystallization and its orientation of the annealed ZnO
films were observed by transmission electron microscopy (TEM),and
X-ray diffraction (XRD). The surface morphology was investigated
by using atomic force microscopy (AFM). The detailed electronic
structures, related to changes in bandgap and band edge state below
the conduction band, were analyzed by spectroscopic ellipsometry
(SE).
Results and Discussion
Figure 1 shows the electrical properties, including the carrier concentration and mobility of the ZnO films as a function of annealing ambient atmosphere and temperature. In as-deposited ZnO film,
the carrier concentration and mobility were 1.2 × 1014 cm−3 and
107 cm2 V−1 s−1 , respectively, and the films displayed n-type semiconductor characteristic. When the annealing temperature was increased to 150◦ C, the carrier concentration shows small variations
under the value of ∼1015 cm−3 and the mobility represents the similar
value, regardless of annealing ambient atmosphere. However, at the
annealing temperatures over 300◦ C, the carrier concentration was dramatically increased to ∼1019 cm−3 and the mobility was decreased to
∼10 cm2 V−1 s−1 in the ambient atmosphere of a vacuum and water
vapor, which is reasonable value comparing to the previous report.8
These remarkable changes in carrier concentration and mobility could
be associated with the carrier generation and the increase of electron
scattering by the evolution of defect states such as oxygen vacancies,
which are affected by the annealing ambient atmosphere.9 More discussion is provided below and considers the physical and electronic
structure.
Figure 2a shows the selected area diffraction (SAD) patterns of
the ZnO films annealed in an ambient atmosphere of air as a function of annealing temperature. The SAD images represent the ring
patterns, which mean that the ZnO film is the nano-crystalline structure before and after annealing. Also, these nano-crystalline structure have the preferred z-axis orientation of a hexagonal ZnO (0002)
by confirmation of XRD spectra (not shown in here). The thermal
evolution of physical structure indicates that different annealing ambient atmosphere and temperature below 300◦ C have no changes of
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physical crystalline structure. In order to investigate the surface morphology, the plane view of TEM and AFM images were obtained as
shown in Figure 2b. The surface morphology shows the similar image, of which grain size and rms surface roughness are preserved with
∼140 nm2 and 0.5 ∼ 0.7 nm, respectively. Therefore, the changes
of nano-crystalline structure, grain size and surface morphology were
severely not observed after annealing, regardless of annealing ambient
atmospheres.
In order to investigate the electronic structure of the films, including the band edge states below the conduction band, SE data were
taken as a function of annealing ambient atmosphere and temperature.
The spectroscopic ellipsometry (SE) is a nondestructive technique to
measure the optical response and absorption of materials. Recently,
the interpretation for the unoccupied states in conduction band and
sub-band states by SE analysis has been paid an attention. Our previous report showed the correlation between the oxygen vacancies
and the band edge states below the conduction band by SE measurement for HfO2 on Ge.10 Even if as-grown un-doped ZnO always
show n-type conductivity, but the origin of the n-type conductivity
is still controversial. Some research has reported that the hydrogen
impurities, zinc antisites, and oxygen vacancies are a origin of electrical properties of ZnO.11, 12 However, we will discuss the change
of electrical properties of ZnO films as a function of native defects
such as oxygen vacancy, based on the experimental absorption states
observed by SE. The imaginary dielectric function (ε2 ) spectra for
the as-deposited ZnO films on Si substrates are shown in Figure 3a.
These spectra were extracted from a simple four-phase model, which
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Figure 1. (a) Carrier concentration and (b) Hall mobility of the as-deposited
and annealed ZnO films as a function of annealing ambient atmosphere.
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Figure 3. (a) Imaginary dielectric function (ε2 ) spectra from SE measurements
for the as-deposited ZnO film. The deconvoluted peaks, labeled A, B, and C
are model fits using Tauc-Lorentz function. Two distinct deconvoluted peaks,
labeled D1 and D2 are Gaussian fits and represent the band edge states located
below the conduction band edge. (b) Enlargement of the band edge states
below the bandgap near ∼3.1eV and an energy diagram above valence band.
The diagram of the inset describes the energy levels of the band edge states
(D1 and D2 ) below the conduction band edge.

is comprised of a Si substrate, SiO2 overlayer, ZnO overlayer, and
an ambient layer as shown in the inset of Figure 3a.13 The solid line
in Figure 3a is obtained from the sum of deconvoluted functions, A,
B and C. The best fit parameters are listed in Table I. The physical
meaning of respective function is the contribution by the various types
of transitions; A for the one-electron contribution, B for the discreteexciton contribution, and C for the continuum-exciton contribution.14
The features that can be seen at the onset energy above the optical
bandgap around ∼3.1 eV indicate the unoccupied states of the ZnO,
which correspond to the hybridized molecular orbital states mixed by
the Zn 4sp and O 2p states.15, 16 A detailed and quantitative analysis
of the band edge states and unoccupied states in the conduction band
was performed by fitting using a Gaussian model (band edge states)
and a Tauc-Lorentz model
(conduction
band states). The Gaussian fit
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A, E n , and Br denote the amplitude, peak transition energy, and broadening parameter, respectively. The Tauc-Lorentz model fit is obtained
by the following imaginary dielectric function;
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where the subscript TL indicates that the model is based on the Tauc
joint density of states and the Lorentz oscillator.17 The four fitting
parameters Eg , A, En , and C denote the bandgap energy, the amplitude, peak transition energy, and broadening parameter, respectively.
The fitting curves of the as-deposited ZnO films are included in Figure 3a and the fitting parameters are summarized in Table I. The

Table I. Gaussian fitting parameters of the band edge states
(D1 and D2 ) and Tauc-Lorentz model fitting parameters of the
conduction band states for the as-deposited ZnO film.
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Figure 2. (a) SAD patterns of TEM and (b) the plane view images of TEM
and AFM images from the as-deposited and annealed ZnO films in an ambient
atmosphere of an air as a function of temperature.
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the charge trapping and the increase in charge scattering during carrier
transport due to energy levels far from the conduction band.20 From
the above interpretations, the changes in the band edge states, induced
by oxygen vacancies, contribute to the modification of the carrier
concentration and mobility in annealed ZnO films as a function of
annealing ambient atmosphere.
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Figure 4. Thermal evolution of the band edge states over a narrow energy
region below the conduction band edge as a function of annealing ambient
atmosphere. The energies of D1 and D2 are the center energies for D1 and
D2 Gaussian fits from the conduction band edge (3.12 eV). The determination
of the center energies for D1 and D2 Gaussian fits is accomplished from the
analysis of second-derivative of original spectrum.

Gaussian model fits are comprised of two distinct band edge states
with a shallow band edge state (D1 ) and deep band edge state (D2 ),
which are located at 0.08 eV and 0.60 eV away from the conduction
band edge, respectively. Figure 3b represents an enlargement of the
band edge states below the conduction band edge near ∼3.1 eV and
an energy diagram of the above valence band. The diagram describes
the energy level of the band edge states (D1 and D2 ) below the conduction band edge.
Figure 4 shows the thermal evolution of the band edge states below the conduction band as a function of annealing ambient atmosphere. The annealed ZnO films in air ambient atmosphere show slight
changes in the band edge states with increasing annealing temperature.
On the other hand, the annealed ZnO films in the ambient atmosphere
of a vacuum or water vapor, induce the drastic increases in the band
edge states for D1 and D2 after annealing at 300◦ C. Considering the
previous electrical data, the variation of D1 and D2 states is strongly
correlated with the increase of carrier concentration and the degradation of mobility. Based on the SE analysis, the most plausible origin
of the changes in electrical properties such as carrier concentration
and mobility could be attributed to the thermal evolution of the band
edge states as a function of annealing ambient atmosphere, which is
related to oxygen vacancies.18 The increase of carrier concentration
with annealing in an ambient atmosphere of a vacuum or water vapor,
may be explained by the increase of the shallow band edge state (D1 )
because it means that the number of free electron which can conduct
as a carrier is getting lager by the generation of oxygen vacancy.19
Another interesting interpretation for mobility is associated with the
deep band edge state (D2 ). Even if the shallow band edge state (D1 )
is the possible origin to enhance the charge transport through the unoccupied states caused by oxygen vacancy, the deep band edge state
(D2 ) can have higher effect on the degradation of mobility because of

RF-sputtered ZnO films were annealed in various annealing ambient atmosphere, including air, a vacuum, and water vapor. The annealing in the ambient atmosphere of air results in only small changes
of carrier concentration and mobility regardless of the annealing temperature. However, in the annealing ambient atmosphere of a vacuum
or water vapor, the carrier concentration is increased to ∼1019 cm−3
while mobility is degraded when the annealing temperature is increased up to 300◦ C. The structural transition and modification are
preserved, with the crystalline oriented by the hexagonal ZnO (0002)
phase, regardless of annealing ambient atmosphere and temperature,
and have no connection with the electrical properties. On the other
hand, the thermal evolution of the two distinct band edge states as a
function of annealing ambient atmosphere, observed below the conduction band and interpreted as oxygen vacancies, are correlated to
the changes in carrier concentration and mobility. The increase of carrier concentration in the annealing ambient atmosphere of a vacuum
or water vapor could be related to the increase of the shallow band
edge state, and the degradation of mobility could be associated with
the increase of the deep band edge state.
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