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Spectroscopic evidence for limited carrier hopping interaction

in amorphous ZnO thin film
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The electronic structure of amorphous ZnO film (a-ZnO) was examined by O K- and Zn L;-edge
x-ray absorption spectroscopy and valence band photoemission spectroscopy. Comparative studies
of a-ZnO and a wurtzite ZnO (w-ZnO) revealed a decrease in Zn 4s-O 2p hybridization strength
and the localization of Zn 4s band as a consequence of local structural disorder, indicating limited
electron hopping interactions in a-ZnO. The 0.1 eV higher Fermi-level of a-ZnO compared to
w-ZnO suggests that the electrical properties of a-ZnO are different from those in w-ZnO due to
structural disorder, even in the absence of impurities or grain boundaries. © 2009 American Institute

of Physics. [doi:10.1063/1.3275738]

Zinc-oxide-based oxide semiconductors have been high-
lighted as a channel material in thin film transistors for trans-
parent electronics.'? The electrical conductivity in the primi-
tive material, zincite (ZnO),’ is provided mainly by electron
occupation of the Zn 4s conduction band (CB) (Ref. 4) over
a large bandgap (>3 eV) accompanied by shallow gap
states due to the inclusion of hydrogen ions or oxygen
vacancies.”® Since the electron mobility in polycrystalline
ZnO is limited significantly by dislocations or impurities at
the grain boundaries, it has been believed that an amorphous
phase of ZnO, where there are no grain boundaries, would be
desirable as a channel material in high-speed transparent
electronic devices.””

However, even in the absence of grain boundaries, the
electron mobility in a disordered system can be decreased by
the random distortion of atomic arrangements. The decrease
in mobility at the band edges in amorphous metallic/
semiconducting systems is well understood to be a conse-
quence of a loss of lattice periodicity.lo However, in the case
of ZnO, which is close to an insulator (with a bandgap
~3.4 eV), this concept is not applicable because the carrier
density in ZnO is too low to form an extended conduction, so
the mobility is influenced significantly by local hopping in-
teractions between the adjacent atoms.

This letter provides spectroscopic evidence that the in-
tersite Zn 4s-O 2p hopping interaction in amorphous ZnO
(a-Zn0) is truly weaker than that in crystalline (wurtzite)
ZnO (w-ZnO). The strengths of the Zn—-O hopping interac-
tions were represented by the hybridization strengths of the
Zn 4s® 0O 2p unoccupied states, which were deduced from
O K-edge (1s—2p) x-ray absorption spectroscopy (XAS).
The consequent localization of the Zn 4s state was also con-
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firmed by Zn Ls;-edge XAS (Zn 2p3,—s/d).

A 2 nm thick a-ZnO film was deposited on a Si (001)
substrate at room temperature by rf magnetron sputtering
using a ZnO target without an additional oxygen gas supply.
The input rf power and working pressure were 200 W
and 0.7 Pa, respectively. The amorphousness of the film
was confirmed by glancing angle x-ray diffraction (XRD),
and was also self-evident in XAS. A 50 nm thick w-ZnO film
was deposited under the same conditions for comparison.
The #-26 XRD patterns confirmed that the film had crystal-
lized in the wurtzite structure with the c-axis being oriented
along the direction normal to the surface. The O K-edge
(~530 eV) and Zn L;-edge (~1020 eV) XAS and photo-
emission spectroscopy were performed at the 2A beamline in
the Pohang Light Source (PLS).

Figure 1 shows the O K-edge XAS spectra of the a-ZnO
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FIG. 1. (Color online) The O K-edge XAS spectra of the a- and w-ZnO
films. Features near the conduction band edge in the isotropic spectra
[{2X(E Lc)+(Ellc)}/3] are magnified in the inset. A decrease of feature
relevant to the Zn 4s-O 2p hybridization was clearly observed.
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FIG. 2. (Color online) The Zn L;-edge XAS spectra of the a- and w-ZnO
films with the simulation results for the isotropic 2p;,— s/d transitions in
w-ZnO. A prominence of Zn 4s features in the a-ZnO, which reflects the
Zn 4s localization, was highlighted by the arrow.

and w-ZnO films. For the assignments of the features, the
spectra were obtained using two perpendicular incident beam
polarization. The spectra of w-ZnO showed large polariza-
tion dependence above a photon energy of 535 eV, indicating
that the features at 530-535 eV and above 535 eV should be
assigned to the O 2p states that hybridize with the isotropic
Zn 4s states and anisotropic Zn 4pd states, respectively. In
contrast, the spectra of a-ZnO showed no polarization depen-
dence, manifesting the amorphousness of the film. The spec-
tra of a- and w-ZnO showed a significant difference, even in
line shape of the isotropic spectra {(Ellc)+2 X (E Lc)}/3,
which is highlighted in the inset. This evidences the differ-
ence in the unoccupied states of the two films. The intensity
of the Zn 4s® O 2p feature of a-ZnO in the CB structure
was ~10% lower than of w-ZnO as shown in the inset, in-
dicating a decrease in the Zn 4s5-O 2p hybridization
strength. The apparent increase in the offset photon energy in
the isotropic spectra of a-ZnO, compared to w-ZnO, can be
resolved by considering that the O K-edge XAS shows only
parts of the CB states that hybridize with the O 2p states. A
significant decrease in hybridization strength occurs, particu-
larly near the CB edge, resulting in an apparent increase in
offset energy. The CB edge energy and bandgap should de-
creﬁsg if the system becomes amorphous as in the case of
Si.

Instead of the O K-edge XAS, in which the Zn 4s fea-
tures were observed indirectly through Zn 4s-O 2p hybrid-
ization, the Zn L;-edge XAS can probe the Zn 4s states di-
rectly through the Zn 2p;,—Zn s/d transitions. However,
in this case, the core hole at the photon-absorbing Zn ion
could possibly interact with the valence electrons at the same
ion so as to reflect the perturbed Zn 4s states rather than the
genuine 4s states. Figure 2 shows the Zn L;-edge XAS spec-
tra of the a- and w-ZnO films. The solid (dashed) lines,
which show the theoretical isotropic 2ps, —4s (4d) spectra
of the w-ZnO simulated using FEFF8 CODE,13 were added to
make the peak assignments clearer. In the XAS simulation, a
time-dependent local density approximation option was used
to account for the 2p core-hole and valence screening
effects.' The effect of this shallow 2ps,, core-level was neg-
ligible on this material,'* suggesting that the spectra approxi-
mately reflect the CB structures. The simulated spectra
clearly show that the near-edge features (~1020 eV) are
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FIG. 3. (Color online) VB photoemission spectra of the a- and w-ZnO films
obtained using photon energy of 487 eV. Overall binding energy shift in
a-Zn0 spectrum reflects the increased Er by +0.1 eV. The VB features for
the bonding and nonbonding states are magnified in the inset. The measure-
ment geometry is also depicted.

dominated by Zn 4s bands, while the features above 1025
eV are due mainly to the Zn 4d bands.

The CB edge feature (highlighted by the arrow) in the
spectrum of a-ZnO is not smaller than that of w-ZnO. Rather
it appears to have slightly higher intensity than that of
w-ZnO. Thus, the Zn 4s density of states (DOS) itself in
a-ZnO does not decrease compared to that of w-ZnO. This
confirms that the decrease in the intensity of the Zn 4s
®O0 2p features in the O K-edge XAS (Fig. 1) must be due
to a decrease in Zn 4s-O 2p hybridization not in the Zn 4s
DOS itself. Therefore, the salient Zn 4s features in the
Zn Ls-edge XAS spectrum of a-ZnO, indicates the localiza-
tion of the Zn 4s wave function due to the orbital dehybrid-
ization. The decreased Zn—O hybridization strength suggests
that local hopping interactions between the adjacent Zn and
O ions in a-ZnO are weaker than those in w-ZnO even in the
absence of a dopant or grain boundaries in the film.

The Zn 4s localization can slightly enhance the Zn 4s
DOS (Fig. 2) near the CB through decoupling it from the
higher-energy Zn states such as the Zn 4pd states. The en-
hanced CB DOS can further influence the Fermi-level (Eg)
and band alignment of ZnO films in an actual transistor de-
pending on the degree of amorphousness. A change in Eg
was observed in the valence band (VB) photoemission spec-
tra. Figure 3 shows the VB photoemission spectra of the two
films obtained at a photon energy of 487 eV. In order to
obtain isotropic spectra, the samples were tilted by ~40° off
from the direction of incident light as shown in the figure.
The large features at a binding energy (BE) of ~10.8 eV
originated from the Zn 3d level and the smaller features near
BE<9 eV were assigned to the O 2p occupied states. The
O 2p features near BEs ~8 eV consist of O 2p “bonding”
states that hybridize mainly with the Zn 4sp orbitals, while
those near the VB edge (~4 eV) are mainly the nonbonding
O 2p states.”” The Zn 3d BE of the a-ZnO film is slightly
higher than that of the w-ZnO film by +0.1 eV. In addition,
the BEs of the O 2p states near the VB edges (~4 eV)
showed a slight difference by the same amount of +0.1 eV.
This suggests that the slight shift in BE did not originate
from a change in the chemistry in ZnO because the BE shifts
of the Zn 3d and O 2p would have opposite signs to each
other. Rather, the BE shift was caused by a difference in Ep;
a positive Ep shift induces a higher-BE shift in the photo-
emission spectra because the BE is obtained as the energy
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difference from the Er. The absence of a chemical shift sug-
gests that the possible formation of interface states such as
the (Zn,Si)O was suppressed. The 0.1 eV higher Eg in the
a-ZnO film compared to the w-ZnO film might be relevant to
the enhanced CB features shown in Fig. 2, as in the case of
donor states in semiconductors. The slight increase in inten-
sity of the feature near BE ~9 eV in the case of a-ZnO,
might reflect the raised O 2p projected DOS due to the
weaker Zn 4s-O 2p hybridization, since the photoionization
cross-section (or probability) of the O 2p orbital is higher
than that of the Zn 4s orbital at hv=487 eV.

The decrease in Zn—-O hybridization strength possibly
originates from the weakened long-range structural orders in
a-ZnO. Broken structural order might isolate the local Zn-O
clusters and hinder the electron hopping interactions between
the clusters by reducing the overlap integral of the orbital
wave functions. Orbital hybridization in a Zn—O cluster can
occur only when the symmetry of the central atomic orbital
coincides with that of the surrounding ligand orbital clouds.
Therefore, the enhanced disorder in the local Zn—-O coordi-
nation will decrease the hybridization strength via the orbital
symmetry mismatch and consequently the intersite hopping
probability will decrease. This will result in the localization
of CB states and increase the effective mass of the electrons.
Eventually, the electron mobility can be reduced because the
mobility in this insulator-like low-carrier regime is deter-
mined by the effective mass or localization of the conduction
electrons. Further studies examining the electrical properties
and electronic structure in the ZnO system with various de-
grees of amorphousness will be needed to clarify the inter-
connection between the physical properties.

In conclusion, amorphous ZnO showed lower
Zn 4s-O 2p hybridization strength and localized Zn 4s
bands compared to crystalline ZnO. This indicates a decrease
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in electron hopping interactions in the amorphized ZnO. The
0.1 eV higher Eg further suggests that the electrical proper-
ties of amorphous ZnO may be different from those in crys-
talline ZnO due to structural disorders, even in the absence
of impurities or grain boundaries.
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