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Abstract

This paper presents the electro-optical, chemical and structural properties of doped-ZnO films deposited by DC-reactive
magnetron sputtering at room temperature using the bi-dopant Al and Mn. A minimum resistivity of 3.46 x 10~*Qcm, exceeding
75.0% average transmittance (380-800 nm), and fundamental band gap of 3.48 +£0.01 eV have been obtained. XPS analyses show
that Zn uniformly remains in the valence state of 7Zn>": all of the Al and a little amount of Mn with valence state of Mn** are
supposed to have donor effect, while dominant Mn>" will induce to form more oxygen vacancies and this proposal has been verified
by O 1s XPS results. It has been concluded that the presence of more oxygen vacancies will attenuate the effect of hybridization of
p—d orbitals in the matrix of ZnO. It has been found that all the as-deposited films have c-axis preferred orientation with flat and

smooth surface (RMS surface roughness is of the order of ~3nm over 5 x 5um? area).

© 2003 Elsevier Inc. All rights reserved.

PACS: 81.15.Cd; 73.61.Ga; 78.66.Hf; 82.80.Pv; 68.55.Jk
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1. Introduction

ZnO has a filled O*": 2p valence band, and the O*":
2p states are bonding while the Zn: 4s states are anti-
bonding. It features a wide band gap (3.437eV at 2K
[1]) non-stoichiometric n-type semiconductor with a low
resistivity (~107°Qcm) and high transmittance
(~90%) in the visible solar region. The resistivity can
be reduced further to the range of 10~*Qcm by doping
without sacrificing luminous transparency. The unique
nature makes it suitable for wide applications such as
energy efficiency windows, smart windows, and electro-
des for solar cells as well as flat-panel displays, etc. [2].
In comparison with other host oxides like CdO, In,O3
and SnO,, ZnO has attracted intensive interest because
of its non-toxicity, low cost, excellent adhesion to the
substrate, easily etching ability besides common electro-
optical properties. Furthermore, zinc oxide is more
chemically stable than tin or indium oxide films when
exposed to hydrogen plasma [3]. B, Al, Ga, In (Group
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III A), Si, Ge (Group IV A), Ti, Zr, Hf (Group IV B)
and Sc, Y (Rare earth element) are the most used doping
agents for ZnO [4-10]. However, both the chemical and
physical properties of currently utilized transparent
conducting oxides (TCOs) besides impurity-doped
ZnO are far from optimum. Improvement in perfor-
mance of TCOs is desirable because their non-ideal
properties will eventually ruin the complete device
performance. For this purpose, the TCO community
must either find better ways of optimizing the conven-
tional TCOs or explore more complex new materials
with tailorable structural, physical and chemical proper-
ties. It is speculated that the latter case is more fruitful
than the former because of voluminous literature
devoted to optimization of TCO film deposition without
satisfying results. This paper is performed to explore Al
and Mn doped zinc oxide films and understand their
properties.

2. Experimental

Sputtering of ZnO: (Al, Mn) films on quartz or
corning 7059 glass substrate (parallel to the target
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surface) was performed at room temperature using a
conventional planar DC reactive magnetron sputtering
system, a technique characteristic of the ease of
controlling deposition parameters and growing high
quality films without additional heating. A special
advantage of low temperature deposition was found
necessary to avoid a degradation of the interface by
elements interdiffusion. Two different alloy targets were
used in this work. The composition of the first was Zn-
1.50A1-0.20Mn (wt%, tagged A#) and the composition
of the second was Zn-0.75A1-1.50Mn (tagged B#). The
target to substrate distance was fixed at 7cm. Before
deposition, the chamber was evacuated to an ultimate
background pressure better than 3 x 10~ Pa and then a
pre-sputtering process was employed for 2min to clean
the target surface. The working gas Ar and O, were
independently metered by two mass flow controllers.
The argon was directly introduced to the surface of the
target while oxygen was leaked into the chamber far
away from target and substrate. Consequently, it was
difficult to describe exactly the O, partial pressure in the
chamber, thus the O,/(Ar+0,) flux ratio (hereafter
referred to as O, partial pressure Pp,) was used as an
indicator instead of the actual O, partial pressure.
Working pressure was in the range from 0.5 to 0.7 Pa.
Electrical properties of the films was measured at room
temperature by a simple DC four-point probe system as
well as a Hall measurement system with the Van de
Pauw configuration. The transmittance and reflectance
spectra were recorded with a HITACHI U-3400
spectrophotometer within the wavelength from 190 to
1500 nm. The samples were mounted into a LAS-3000
surface analysis system for X-ray photoelectron spectro-
scopy (XPS) analysis of the original surfaces, and then
the films were sputtered at different intervals by an
Argon ion gun operated at 2.5keV (etching rate
1.5nmmin ") followed by XPS acquisition after each
time step. The XPS spectra were recorded using
monochromatic MgKa excitation (1253.6eV). All the
XPS spectra were referenced to Cls peak (284.7¢V).
Crystallographic and phase structure were determined
by an X-ray diffractometer (Rigaku) with CuKo
radiation. The surface topography and film thickness
(with step) were investigated using a Nanosope Illa
atomic force microscope (AFM).

3. Results and discussion
3.1. Electrical and optical properties

The electrical properties of TCOs films depend on
external preparation parameters like doping level,
discharge power, oxygen partial pressure, and the target
to substrate distance etc., and the results are different
for different workers. Fig. 1(a) shows the variations of

resistivity of ZnO: (Al, Mn) films with target type as a
function of oxygen partial pressure. According to the
criterion that films with lower resistivity as well as good
transparency, it is observed that target B# has an
advantage over A# in a wide range of oxygen partial
pressure. From the Hall measurement it is revealed that
the Hall mobility of the films deposited using target B#
are always larger than those of the films from target A#
while the differences of carrier concentration between
them are marginal under the same deposition condition.
Therefore, it is speculated that the entry of more Mn
atoms as mineralizers or/and surfactants into the films is
likely to result in higher quality of film crystallinity,
which is responsible for enhancing the Hall mobility.
Fig. 1(b) exhibits dependence of resistivity on deposition
voltage. The higher the deposition voltage, the more
the kinetic energy of sputtered particles. The additional
energy inputting into the film causes an increased
surface mobility of the adatoms that will in turn
improve the film perfection, i.e. the enhanced migration
of sputtered particles will cause desorption of oxygen
adsorbed on the grain boundary. The variations of
resistivity with oxygen partial pressure are depicted in
Fig. 1(c). Resistivity (p) is very sensitive to Pgp,, both
Hall mobility (u) and carrier concentration (N) are very
sensitive to it as well. A minimal resistivity of 3.46 x
10~*Qcm with a Hall mobility of 32.54cm?V~'s™! and
a carrier density of 5.55 x 10** cm ™ is obtained at Po, =
0.32 (target B#, 320V voltage, 1.6Wem ™2 discharge
power, 230nm thickness), which is comparable to
formerly reported results [11,12]. When oxygen partial
pressure ranges from 0.28 to 0.25, it is revealed that the
resistivity increases with decrease in Pg,. This increase in
p is due to shallow donors or/and relative deep donors
partially lose their dopant effect and consequently
reduce the carrier concentration, meanwhile the Hall
mobility is improved, thereby the presence of severe
oxygen deficiencies that can deteriorate the crystalline
properties and generate more free electrons in the
conduction band can be ruled out. When Py, lower
than 0.25 (not shown here), severe oxygen deficiencies
may dominate, giving rise to metal-like darken films
with higher resistivity to be formed. As Pg, is in the
region of 0.28-0.32, resistivity decreases with oxygen
partial pressure increasing. The decrease can be ascribed
to the improvement of crystallization that can enhance
the mobility of the carriers while the carrier concentra-
tion fluctuating mildly. A further increasing Po, (not
shown here either) will favor the films approach
stoichiometry, resulting in no increase or even a decrease
in conductivity. The electron mobility depends on
several scattering mechanisms such as grain boundary
and ionized impurity scattering, which is described
elsewhere [13].

The window of transparency to electromagnetic
radiation at low energy for ZnO is limited by the
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Fig. 1. (a) Variations of resistivity with different targets as a function of oxygen partial pressure (voltage 320 V), some Hall mobility values are shown
in the parentheses, (b) variations of resistivity with different deposition voltage as a function of oxygen partial pressure (B# target), (c) resistivity (p),
carrier concentration (N) and Hall mobility (¢) for ZnO: (Al, Mn) films vs. oxygen partial pressure.

conduction electron plasma energy hw,; the high-energy
limit to transparency is defined by the onset of
absorption from valence band states of dominant O~
2p into Zn: 4s conduction band states. The paramount
factor affecting the optical properties is expected to be
the carrier concentration rather than electron mobility.
Fig. 2 contains integrated transmittance for representa-
tive ZnO: (Al, Mn) films. The average transmittance
(without glass substrate deduction) in the visible region
within the wavelength from 380 to 800 nm is more than
75.0% for all specimens. As depicted in Fig. 2, the
higher the carrier density, the better transmittance at
shorter wavelengths. It is mainly due to the wavelength
of the absorption edge being shifted toward the higher
energy side with increasing electron density. In the near-
infrared (IR), however, the transmittance decrease with
higher carrier concentration is owing to plasma reso-
nance.

For ZnO with direct allowed transition band struc-
ture, the apparent band gap can be determined from the
squared absorption coefficient vs. photon energy by

100
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Fig. 2. Transmittance of ZnO: (Al, Mn) films with various carrier
concentrations (as-deposited, film thickness 230 nm).

using the following formula:

ahy =~ (hy — Eopt)"/?,
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where Ay is the photon energy and E is the apparent
band gap. The optical absorption coefficient o is
obtained from optical spectroscopy measurement.
Assuming that both the conduction band and valence
band are parabolic and the Fermi plane is spherical, the
variation of band gap is based on Burstein-Moss effect
[14] without regard to the many-body effect [15] that can
shrink the band gap and compensate the band gap
widening due to the conduction band occupancy blocks
states at the bottom of the conduction band.

R3r) PN (1 1
+

Eon = E, , 2
e 2 M) M) )
1 1 1
] = 3)
Maey M) me,

where Eg is fundamental band gap, niy .\, my,, mg, is
conduction band density-of-states effective mass, va-
lence band density-of-states effective mass and reduced
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effective mass of electron, respectively. The band gap is
found directly proportional to N%/3, i.e. the width of the
occupied Zn: 4s conduction band is broadened with
higher carrier density. The Ey, 3.48+0.01eV, and the
fundamental absorption edge, 356.5+1.0nm, are also
obtained for ZnO: (Al, Mn) films.

3.2. Chemical properties

A typical ZnO: (Al, Mn) specimen with a thickness of
230 nm was carried out for XPS analysis. The specimen
was prepared under the optimal deposition conditions as
follows: target B#, Po,=0.32, 320V voltage,
1.6 Wem 2 discharge power. Although the sample was
rinsed using standard protocols before XPS experiment,
its original surface was still contaminated with adven-
titious carbon (C 1s with 284.7 eV binding energy). After
Argon ion bombardment, the feature of carbon can be
removed from the surface. The spectra of Zn 2p3/, with
curve-fitting results are shown in Fig. 3. For Zn 2p3),
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Fig. 3. XPS spectra in the Zn 2p;3, region. (a) Original surface, (b) after Ar* etching 4.5nm, and (c) the binding energy of Zn (L3 MysM,s) Auger

transition before and after Ar™ bombardment 4.5nm.
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core level centered at 1022.1eV, no changes concerning
the spectra position and shape are observed in both
original and new surface after Ar" etching 4.5nm,
indicating that there is no measurable change in the
chemical state of Zn>" [3]. Fig. 3(c) exhibits the binding
energy of Zn (L3;MssM,s) Auger transition (around
265eV). We note that the corresponding binding energy
of metallic Zn is 260.2 eV [3], which further confirms the
uniform oxidation state of Zn>".

For some unknown reasons, the Al and Mn 2p3, core
levels are not detectable in the as-received surface but
occur after Ar” bombardment, as seen in Fig. 4. The
slight variation of dopant content at depth profile inside
the film was also observed by Hong et al. [16]. The Al
2p3; is broad and can be fitted with a single lorentzian
function, showing distinct lorentzian character. From
the Al 2p3), peak centered at 73.85€V, it has been
observed evidence of ESCA peak from A’ rather than
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Fig. 4. XPS spectra of (a) Al 2p3;, (b)Mn 2p3, after Ar" bombard-
ment 4.5 nm.

metallic Al. It is considered that Al ions dissolved in
ZnO matrix substitute Zn successfully and form weakly
bonded electrons that contribute the conductivity. The
broad and asymmetric of Mn 2p3,, peak, implying the
presence of a multi-component of Mn, can be discon-
voluted by the best fitting with Gaussian function into
three peaks. The left centered at 637.7¢eV with the full
width at half maximum (FWHM) of 1.99eV can be
assigned to metallic Mn; the intermediate peak centered
at 640. 4eV with HWHM of 2.09e¢V is due to the
chemical state of Mn>"; the right centered at 642.4¢eV
with FWHM of 1.87¢eV can be allocated to Mn*", as
displayed in Fig. 4 (b). Where the metallic Mn indwells
and the effect of them is not clear. Let us focus
the chemical states of Mn** and Mn?". From the
data of the standard Gibbs formation energy, it seems
that thermodynamics favors formation of MnO,
and MnO (4,G2(MnO,) = —466.1, 4,G2(MnO) =
—362.8kImol™"). As for Mn*", its ion radii (radii
(Mn*")=0.054nm) is smaller than that of Zn>" (radii
(Zn*")=0.075nm) while its nuclear charge is larger
than that of Zn?>", as a result, it can be assumed that the
Mn*" ions act as donor atoms with generating two free
electrons per Mn** jon substituting one Zn*" ion
despite of a little amount of Mn*" in the matrix of ZnO
from XPS fitting result. The above supposition should
be subject to further verification by the experiment. It is
very intriguing that the dominant chemical state of
Mn?* . On one hand, the ion radii of Zn*" is larger than
that of AI’* (0.053nm) but nearly equal to that of
Mn?" (0.080 nm). In theory, the introduction of Mn>"
can compensate lattice distortion that derived from
AP’ " substituting Zn?" . On the other, the quantivalency
of Mn?" is equal to that of Zn>", i.e. it seems that
Mn?" ions have no donor effect and will induce to form
a second new phase MnO. However, the doping level of
Mn element is too small to acquire the reagent of MnO
though the thermodynamics favors this kind of reaction
ostensibly (cf. the forthcoming phase discussion in
Section 3.3). Thus it can be deduced that the extrinsic
Mn®>" ions will capture oxygen in competition with
Zn*", which gives rise to more oxygen vacancies that
can also contribute conduction electrons to be formed.
In order to verify the above assumption, the O 1s core
level spectra are given in Fig. 5. On the original surface
of as-received film, the O s spectra can be resolved into
three components, positioned at around 530.4+0.3,
531.8+0.4 and 532.4+0.1¢eV, respectively. The compo-
nent at the low binding energy with FWHM of 2.15eV
can be ascribed to O®~ ions on wurtzite structure of
hexagonal Zn>"* ion array; the intermediate one with
FWHM of 2.22¢V is due to O°~ ions in the oxygen
deficient regions; while the high binding energy peak
with FWHM of 2.96¢V is corresponded to chemisorbed
or dissociated -OH and OH...O type of surface species
[3,17]. Hydrogen adsorbed on ZnO surface forms —OH,
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Fig. 5. O ls core level region in XPS: (a) Orgianl surface, and (b) after
Ar™ etching 4.5nm.

OH...0, Zn—H-Zn analogous loosely bonded species,
which passivates the surface towards reduction by
hydrogen plasma and probably accounts for why ZnO
is with good chemical stability. After Ar" bombard-
ment 4.5nm, however, organic oxygen on the original
surface are removed, leaving a main O 1s peak and a
shoulder at 530.3+0.1 and 531.7+0.3¢V, respectively
(cf. Fig. 5(b)). The above observation is consistent with
that of Purvis et al. [18]. Moreover, the area changes of
the different oxygen components are enlightening. For
descriptive ease, Os39, Os31, Os32, Oy designate the area
of the component centered at 530, 531, 532¢V and the
total O 1s peak area, respectively. On the original
surface, Os31/O¢0¢=35.3%; while on the new surface
after Ar " etching 4.5nm, Os3;/O0¢ =36.9%, indicative
of the amount of oxygen deficiency is increasing. The
above contrast can be reminiscent of the aforementioned
supposition, i.e. the foreign Mn>" ions in the matrix of
ZnO can result in more oxygen vacancies. In Fig. 6 we
also display the valence band results as well as Zn 3d
core level profiles for the pre-sputtered and post-etched
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Zn 3d10.7 eV

------- After sputtering 4.5 nm/ \,” Zn3d 9.5 eV

Original surface A

Relative intensity

1 L 1 L 1 L 1 L 1
20 15 10 5 0
Binding energy (eV)

Fig. 6. Low binding energy region in XPS of ZnO: (Al, Mn) films
containing valence band and Zn 3d core level structure before and
after Ar" bombardment 4.5nm.

ZnO: (Al, Mn) film surface. It is obvious that Zn 3d
peak with spin-orbital doublet structure is shifted to a
much lower binding energy (from 10.7e¢V firstly to
9.5¢V latterly), relatively close to its pseudo Fermi edge
(the zero reference) after Ar™ etching. For ZnO with
tetrahedral coordination structure, their point groups
allow the O 2p and Zn 3d orbits to hybridize due to
the small energetic separation between the p— and
d— valence electrons [19,20], causing the valence band
maximums (VBM) shift to mid gap line while the
conduction band cannot be disturbed simultaneously.
However, if some oxygen vacancies are present in ZnQO,
the Zn 3d and O 2p orbits become more localized, i.e.
the effect of hybridization of p—d orbitals is attenuated
in conjunction with the VBM and the Zn 3d core level
having excursion towards lower binding energy. Herein,
it can be concluded that the more oxygen deficiencies are
derived from the interaction between the Mn>* and O*~
ions. In the experiment, the core level shape and position
of O 1s, Mn 2ps35, Al 2p3;, and Zn 2p3), are nearly the
same as those of post-etched 4.5nm surface after the
specimen is peeled off 16.5nm by Ar™ bombardment,
thus the results are not given here.

3.3. Structural properties

X-ray diffraction patterns of the films deposited at
various oxygen partial pressures are similar. Fig. 7(a)
shows the X-ray line profile of a representative ZnO:
(Al, Mn) film. Besides the (0002r) peaks, no Zn, Al, Mn,
Al,O3, ZnAl,O4, MnO and MnO, characteristic peaks
are observed, suggesting that Al and Mn co-doping does
not induce distinguishable effects in X-ray spectra and
other new phases (within the XRD detectable limit). It is
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Fig. 7. (a) XRD diffraction profile of a typical ZnO: (Al, Mn) film, (b)
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films deposited at various oxygen partial pressure, the straight lines
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considered that the structure of ZnO: (Al, Mn) films
tracks that of hexagonal close-packed wurtzite-type zinc
oxide and is generally polycrystalline in nature with
a c-axis preferred orientation for all cases in this work.
Information concerning position of XRD peaks and the
full width at half-maximum as a function of oxygen
partial pressure is displayed in Fig. 7(b). As can be seen
that the (0002) peak position shifts to a lower angle with
respect to the corresponding (0002) peak position of a
powder standard (i.e. 34.42° in 20). The shift indicates
that the d spacing of the (0002) planes is increasing, i.e.
the unit cell is elongated along the c-axis. The variation
of crystal constant may be the result of crystal lattice
deformation related to doping or stress in the films.
The average crystalline size, which is calculated from the
FWHM of the (0002) peak corrected by the instrument
line width broadening using Scherrer formula, is of the
order of 20-30 nm.

AFM analysis reveals the films are dense and
contiguous with feature of fringe crystal structure. The
surface of the films is very smooth, with a root-mean-

square (RMS) surface roughness ~3nm over a
5% 5um? area by contact mode.

4. Conclusions

Transparent and conducting ZnO: (Al, Mn) films
were prepared successfully by DC-reactive magnetron
sputtering technique at room temperature. The effect of
deposition parameters on the electro-optical, structural
properties, and the surface chemical states were inves-
tigated. The lowest resistivity of 3.46 x 10~*Qcm with a
Hall mobility of 32.54cm?V~'s™" and a carrier density
of 5.55x10*cm ™ was obtained. More than 75.0%
average transmittance in the visible range from 380 to
800 nm was observed for the films coated on glass. Based
on Burstein-Moss effect, the fundamental band gap,
3484+0.01eV, was calculated. The XPS analyses
showed that the Zn 2p3/, peak was almost constant
with uniform chemical state of Zn>" throughout the
depth profile. After Ar™ bombardment, the Al and Mn
2p3/» ESCA peaks were detected. The Al element with
uniform quantivalency of A’ * acted as effective donor
utility while the Mn element had more complex
components. A little amount of Mn** also behaved as
donor, characteristic of each Mn** substituting one
Zn’>" ion along with releasing two free electrons into the
conduction band. Mn?>", the dominant component,
captured oxygen in competition with Zn>" in the matrix
of ZnO, inducing more oxygen vacancies that contribute
conduction electrons, which was confirmed from the O
ls XPS results. It was concluded that the presence of
more oxygen deficiencies would alleviate the effect of
hybridization of p—d orbitals, resulting in the Zn 3d
core level shifting to a lower binding energy. In the
studied films, Zn: 4s donor level and oxygen vacancies
could co-exist and both would contribute conduction
electrons. The structure of ZnO: (Al, Mn) films tracked
that of wurtizite ZnO, demonstrating a highly c-axis
preferred orientation. Flat and smooth surface morphol-
ogies with RMS roughness ~3nm over 5x 5pum? area
were observed for the as-received films.
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