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Abstract

Metal cation species and post-annealing treatments were extracted as the primary factors affecting the electron transport properties in
transparent amorphous oxide semiconductors (TAOS). Amorphous (a-) In-Ga-Zn-O (a-IGZO) thin films were taken as an example to
examine the effects of deposition conditions and thermal annealing. Two groups of a-In-GZO films (deposited at the ‘optimized’ and
‘unoptimized’ conditions) were deposited by changing laser pulse energy used for pulsed laser deposition. The electron transport prop-
erties of the as-deposited films fabricated at the unoptimalized condition were improved by thermal annealing to a level which is almost
the same as that in the films deposited at the optimized condition. The temperature range effective for the improvement is >300 °C,
which is fairly lower than the on-set temperature (~500 °C) for crystallization. To extract the effects of constituent metal cations, trans-
port properties of a-Sn—Ga-Zn-O (a-SGZO) films and their TFTs were compared with those of the a-IGZO. Comparison of the TFT
performances between the a-IGZO and a-SGZO channels revealed that the In-based system has much better performances when the
device is fabricated without intentional annealing. Much stronger absorption tail was seen for the as-deposited a-SGZO thin films, imply-
ing the formation of a low valence state, Sn?t, and relevant defect states locating near the conduction band minimum deteriorate the
TFT performances.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction TFTs have several advantages over TFTs based on other

semiconductors; they can be fabricated on plastic sub-

Transparent amorphous oxide semiconductors (TAOS)
have been attracting attention as channel layers of thin film
transistors (TFTs) since the report of a flexible, high per-
formance TFT fabricated on a plastic substrate employing
an amorphous In-Ga-Zn-0 (a-IGZO) thin films by pulsed
laser deposition (PLD) in the end of 2004 [1,2]. The TAOS
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strates at a low temperature (below 150 °C) by physical
vapor deposition methods such as conventional sputtering
[3], and field effect motilities of >10cm?(Vs)~' are
obtained at a high reproducibility with a high uniformity.
These excellent performances originate from the unique
characteristics of TAOS which is the first amorphous semi-
conductor composed of highly ionic chemical bonds [4,5].
The Hall mobility in TAOS is comparable to that in the
corresponding crystalline phases and no Hall voltage sign
anomaly, which is commonly observed in the conventional
amorphous semiconductors, has been observed [5,6]. These
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electron transport properties come from (i) the large over-
lap between vacant s-orbitals of neighboring heavy metal
cations at the conduction band bottom and (ii) the small
tail state density [4,5]. Since the tail state density is low,
one can lift the Fermi level to above the mobility gap by
carrier doping, realizing the degenerate state at > the car-
rier concentration ~4 x 10" cm 3. The leveling off of
Fermi level by doping observed in a-Si:H is not observed
in TAOS, and this observation may be understood by
remembering that validity of the Mott-Street model [7] is
based on covalent bonded amorphous materials.
Formation of ionic amorphous materials such as TAOS
needs a extremely high cooling rate, i.e., they cannot be
obtained in the form of bulk, but can be fabricated as a
thin film by using physical vapor deposition techniques.
It is thus considered natural that a chemical species and/
or a structure, which is stable at higher temperatures but
is unstable at RT, is frozen in the as-deposited thin film
and relaxes to a more stable structure upon thermal anneal-
ing, leading to an appreciable change in the electron trans-
port properties. Clarifying the thermal annealing effect is
essentially important for understanding the intrinsic nature
of TAOS toward a device application. In this paper, we
report the preliminarily experimental results on the effects
of the thermal annealing and the role of constituent heavy
metal cation species. The TAOS thin films used were a-In—
Ga-Zn-O (a-IGZO) and a-Sn-Ga-Zn-O (a-SGZO).
According to the working hypothesis [4], candidate materi-
als for high mobility TAOS are required to have heavy
metal cations with (n — 1)d'%s® electronic configurations
(where the principal quantum number n > 5) as a major
constituent. Although both of In*" and Sn*" having the
same electronic configuration [Kr)(4d)'°(5s)° meet this
requirement, no comparison in TFT/electronic transport
properties between them has been reported to date.

2. Experimental

a-IGZO0 and a-SGZO thin films were prepared by PLD
(laser source KrF) using ceramic targets of crystalline InG-
aZnOj; and a composite of SnO,, Ga,03, and ZnO with the
chemical composition of SnGaZnOs; s, respectively. The
partial O, pressures during the deposition were chosen to
be 1.0-7.0 Pa to control carrier concentration from <10
to 10°° cm 3. No intentional heating of the substrate was
performed. Thin films (100-150 nm thick) were deposited
on silica glasses for Hall effect and optical measurements.
Hall voltage measurements were carried out using the
van der Pauw configuration with an AC modulation of a
magnetic field at 0.5 T at RT. Sputtered gold electrodes
were used for ohmic contacts. Films with 40 nm thickness
were deposited on thermally oxidized silicon wafers as
channels for TFTs. Bottom gate TFTs were fabricated on
SiO, (gate insulator, 150 nm’)/Si substrates (gate elec-
trode), and Au/ITO layers were used as the source and
drain contacts. The TFT structures were defined by photo-
lithography and lift-off. The channel width () and length

(L) were 300 and 50 um, respectively. Output and transfer
characteristics were measured using a Keithley 4200 semi-
conductor characterization system.

The as-deposited films and the as-fabricated TFTs were
annealed at varied temperatures up to 500 °C. The amor-
phous structure of each sample was confirmed by glanc-
ing-incidence X-ray diffraction using a high power X-ray
source (50 kV x 300 mA), and cross-sectional TEM obser-
vations and selected area electron diffraction were carried
out for some representative films. X-ray absorption mea-
surements were performed at a synchrotron radiation facil-
ity (SPring-8) and extended X-ray absorption fine
structures (EXAFS) were extracted by a standard method
and analyzed with a code REX 2000 (Rigaku, Japan). Cor-
responding crystalline films were used as references to
determine the phase-shift parameters. The chemical state
of constituent cation in some samples was measured by
X-ray photoelectron spectroscopy.

3. Results

The a-IGZO films deposited by different laser power
energy densities showed a large variation in Hall mobility
(Ug1an), 1.€., the Hall mobility of the film (carrier density
of 10'7 ecm™3) deposited at a laser energy of 2 J cm > was
~0.9 cm? (V's)!, while that of the film deposited at the
optimized laser energy of 9 J cm 2 with the same carrier
density was ~9 cm? (V s). Fig. 1(a) shows optical absorp-
tion spectra of a-IGZO films with different thermal histo-
ries. The as-deposited film shows an absorption tail in the
2.0-3.7 eV region. When the film is annealed at <200 °C,
the absorption tail remains unchanged, but abruptly
decreases when annealed at 300 °C. Further gradual
decrease is observed by annealing at higher temperatures.
The pyan value is conspicuously improved from 0.9 to ~4
by annealing at 300 °C and increases up to ~8 cm? (V's)~"!
at >500 °C (Fig. 1(b)). These results appear that reduction
in the absorption tail is parallel to the improvement of
UHal, 1.€., the upay is improved by the reduction of the
absorption tail and the critical temperature at which the
large change occurs is ~300 °C.

Fig. 2 shows the TFT characteristics of a-IGZO TFTs
with different thermal histories. Although the field effect
mobility (usa) estimated from the saturation current and
S value (sub-threshold voltage swing) of the TFT using
the as-deposited channel are rather poor (Fig. 2(b)), the
device thermally annealed at 300 °C exhibits a good perfor-
mance (Fig. 2(c)), which is comparable to that using the
film deposited at the optimized condition as the channel
(Fig. 2(a)).

Fig. 3(a)—(c) shows the EXAFS radial distribution func-
tion for each metal cation in the a-IGZO thin films as-
deposited and annealed at 400 °C. Structural parameters
extracted from the EXAFS analyses are listed in Table 1.
No significant difference is seen in the coordination number
around a cation, the cation—oxygen distances, or the cat-
ion—cation distances between the as-deposited and the
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Fig. 1. Effects of thermal annealing on (a) the optical absorption and (b) Hall mobility of a-IGZO thin films deposited at an unoptimized condition.

Annealing was performed in air and the holding time at each temperature was 30 min. The carrier concentration before annealing was 2 x 10" cm
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Fig. 2. Comparison of TFT performances using (a) as-deposited, optimized channel, (b) as-deposited, unoptimized channel, and (c) annealed (b) at 300 °C

for 0.5 h in air.
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Fig. 3. Radial distribution function in a-In-GZO films as-deposited (sol
obtained from EXAFS measurements.

annealed films. This means that neither the change in the
coordination number around each cation nor distance
between a metal and an oxygen is involved in the structural
relaxation occurring during the annealing.

Next, we compared the optical absorption spectra and
TFT characteristics of the optimized a-IGZO with those
of a-SGZO. The deposition condition for the a-SGZO films

id lines) and annealed at 400 °C (dotted lines) for (a) In, (b) Ga, and (c) Zn

was optimized at room temperature using a fi,, as the mea-
sure. A distinct difference was observed in the absorption
spectra and TFT performances. The a-IGZO TFT exhib-
ited figa = 8 cm? (V's) ' and S = 0.2 V (decade) ', whereas
the a-SGZO TFT did not exhibit a clear pinch-off. Fig. 4
shows the optical absorption spectra of the as-deposited
and annealed films plotted in a logarithmic scale. The
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Table 1
The local structural parameters for as-deposited and annealed a-In-GZO
films evaluated by EXAFS measurements

In-O Ga-O Zn-O

r (nm) N r (nm) N r (nm) N
As-deposited 0.212 5.0 0.193 4.2 0.191 53
Annealed 0.212 5.6 0.193 43 0.191 5.1

Annealing was performed at 400 °C for 0.5 h.
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Fig. 4. Optical absorption spectra of (a) a-SGZO and (b) a-IGZO films
with different thermal histories. Samples used were deposited at the
optimized condition for each sample. Annealing was carried out in an
ambient atmosphere.

absorption tail intensity in the SGZO is larger by an order
of magnitude than that in the IGZO for the as-deposited
films. The tail intensity in the SGZO is reduced by anneal-
ing, but the intensity in the best film annealed at 500 °C is
still larger than that in the as-deposited a-IGZO film. It
was also observed that the performance of the a-SGZO
TFTs was much improved by annealing at temperatures
=400 °C as reported in a previous paper [8].

4. Discussion

In a previous paper [9], we evaluated the energy width of
the conduction band tail states from conductivity-tempera-
ture data on the a-IGZO films with different carrier concen-
tration, reporting that the energy width in a-IGZO is 7-
20 meV, depending on the deposition condition (that is,
laser power density for ablation) and the magnitude is dis-
tinctly smaller than that reported in a-Si:H (~55 meV in
Urbach tail width). The present work examined the effect
of thermal annealing on the electron transport properties
and optical absorption tails. Hall and field effect motilities
in the films deposited at the unoptimized condition is much
improved by thermal annealing at temperatures >300 °C,
which is lower by ~200 °C than the on-set temperature of
crystallization (~500 °C) [2]. An excellent correlation was
found among the Hall mobility, field effect mobility, and
the reduction in the absorption tail intensity for the unop-
timized a-IGZO films with increasing the annealing tem-
perature, and these properties approach to the level that
is attained for the as-deposited, optimized a-IGZO. The

EXAFS results suggested that a local rearrangement of
ions which does not involve change in the coordination
number around each cation or metal-oxygen bonding sep-
aration is the primary origin for the observed changes. In
the a-IGZO system, the conduction band bottom, which
works as electron path way, is primarily composed of
three-dimensionally connected In Ss-orbitals [10]. Thus, a
plausible structural relaxation is required to resulting in
the enhancement of connectivity and/or overlap among
the In 5s-orbitals, It was observed that the activation ener-
gies of the Hall mobilities in the as-deposited, unoptimized
films had larger values than the annealed films[9], indicat-
ing that the thermal annealing reduces the density of the
shallow localized states beneath the conduction band min-
imum. At the present stage, we cannot identify the entity of
absorption tail appearing in the as-deposited film and the
energy levels of the gap states. However, the tail states con-
trolling the Hall mobility should be located near the mobil-
ity gap. Heavily distorted In-O polyhedra and a specific
oxygen vacancy are plausible candidates. Improvement of
electron transport properties observed here is similar to
that in amorphous metals and glassy semiconductors.
Structural relaxation upon thermal annealing at a temper-
ature much below the on-set of crystallization favors the
electronic conduction. Further effort employing the tech-
nique used for a-Si:H is obviously needed to get more
information about the tail states.

Finally, comparison between a-IGZO and a-SGZO is
considered. The absorption tail state intensity in the a-
SGZO is larger by two orders of magnitude than that in
the a-In-GZO compared at the as-deposited state. This
conspicuous difference may be tentatively attributed to
the difference in the thermodynamic stability of the valence
states of the constituting metal cations, i.e., the difference
between a lower valence state (2+) and a higher valence
state (4+) is minimal for Sn among the constituting metals.
XPS revealed that a small peak responsible for Sn** was
observed at the position of ~3 eV from the Fermi level(the
conduction band bottom), i.e., the above of the valence
band top, for the as-deposited sample and the intensity
of this peak was distinctly reduced by annealing at
600°C [11]. It is well known that a Sn®" having
[Kr](5d'%)(5s%) configuration gives absorption at an energy
range much lower than that of Sn*". In general, the coor-
dination number around a Sn®* ion is lower than that of a
Sn**. So, we may suppose that thermal annealing induces
atomic rearrangements involving a displacement of an oxy-
gen ion from a neighboring coordination sphere to that of
a Sn*" jon, which accompanies the oxidation to a Sn*"
state. The electro-neutrality is kept by incorporating O?~
ions from O, molecules adsorbed on the surfaces. Anyway,
we may suggest that valence-changeable heavy metal cat-
ions are not appropriate for flexible TFT applications
because thermal annealing at a temperature >~300 °C is
requisite to have improved performances.

A transparent TFT is a heart of transparent electronics
[12,13] and TAOS is being expected as a promising candi-
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date of channel semiconductor in high performance TFTs
[14-17] for OLEDs and e-papers. We consider the under-
standing and control of the tail states in TAOS is a key
for realizing these applications. Since the TAOS is a novel
class of semiconductors (i.e., ionic amorphous materials), it
is obvious that accumulation of basic data and introduc-
tion of approach unique to this system are needed.

5. Summary

We examined the effects of thermal annealing on the
electron mobility in a-IGZO and a-SGZO films deposited
by pulsed laser deposition. The results obtained are sum-
marized as follows:

(1) The Hall mobility and field effect mobility in a-IGZO
thin films deposited at the unoptimized condition
were much improved by annealing at temperatures
>300 °C and approached to the values of the as-
deposited optimized films.

(2) The threshold annealing temperature (~300 °C) for
the improvements in the transport properties for the
unoptimized a-IGZO films was much lower than
the on-set temperature (~500 °C) of crystallization.

(3) The intensity of absorption tail appearing in 2.0—
3.7 eV in a-In-GZO was distinctly reduced by anneal-
ing at temperatures >300 °C and the extent of this
reduction was parallel to the improvement of the
mobility.

(4) No significant change in the coordination number
around each cation or cation—-oxygen bond distance
by annealing was observed in EXAFS measurements.

(5) The performances of a-SGZO TFTs are much lower
than those of a-IGZO, especially for the a-SGZO
channels as-deposited and annealed at <400 °C.
The absorption tail intensity in the SGZO was larger
by an order of magnitude than that in the IGZO. This
difference is attributed to the formation of Sn*" and
the relevant defects. It is considered that valence-
changeable heavy metal cation-based TFTs are not
appropriate for flexible TFT applications.
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