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ABSTRACT

This study examined the effects of post-annealing on the electrical properties of tin oxide (SnO)-based thin-film
transistors (TFTs) deposited by a more TFT-industry-compatible sputtering process from a SnO target. The
TFTs, as-sputtered at room temperature and post-annealed at low temperatures (150 °C), exhibited ambipolar
characteristics and symmetrical p- and n-type conductivity. For post-annealing in N, and air, the developed
TFTs exhibited dominant p-type conduction in the range, 200-300 °C. This was attributed to the increases in
acceptor-like tin oxynitride and p-type SnO phases for the N, and air environments, respectively. On the other
hand, the TFTs post-annealed at 200 °C in O, revealed dominant p-type conductivity, whereas those annealed
at higher temperatures showed ambipolar conductivity. This suggests that the incorporation of excess oxygen
into the SnO channel layers forms n-type SnO, layers at temperatures greater than 200 °C, which leads to
ambipolar behavior. After annealing at 300 °C in N,, the sputter-deposited SnO TFTs operating in the sub-
threshold region revealed the best p-type behavior, including a linear hole field-effect mobility of 25 cm?/Vs,

a sub-threshold swing of 0.02 V/decade, an on/off ratio of 6.62 x 10, and a threshold voltage of 0 V.
KEYWORDS: Ambipolar Characteristics, p-Type Oxide TFT, Tin Oxide, Post-Annealing, RF Sputtering.

1. INTRODUCTION
Oxide thin-film transistors (TFTs), such as amorphous In—
Ga-Zn-0 (a-IGZO) TFTs, have been investigated because
of their possible fabrication at low-temperatures (e.g.,
room temperature (RT)) and fewer processing steps than
poly-silicon (Si) TFTs."? Oxide TFTs can also be formed
easily using a range of sputtering methods, whereas poly-
Si TFTs are normally realized using more complex chemi-
cal vapor deposition (CVD) methods.>* On the other hand,
poly-Si TFTs can exhibit n- and p-type conductivity, while
most oxide TFTs except for a few materials only show
n-type conduction. Up to now, p-type oxide TFTs have
been reported but their performance was unsatisfactory
compared to n-type oxide TFTs.*>

Among the p-type oxide TFTs reported, such as tin
oxide (Sn0),>*7 cupric oxide (CuO),” cuprous oxide
(Cu,0),® and nickel oxide (NiO),” SnO TFTs!%2! have
received particular attention because of their high pos-
sibilities for obtaining high quality p-type oxide TFTs.
Because pseudo-closed Sn 5s and O 2p orbitals have
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the closed energy levels for effective interactions, they
can easily form more isotropic and delocalized hybridized
orbitals and provide more effective hole transport to the
VBM.247: 12221 The conduction-type can be changed in
SnO films depending on the valency of the Sn ion.? To
realize p-type SnO TFTs, Sn?* ions should exist in the
SnO channels because Sn** ions form n-type SnO, films.

Until now, SnO films using an active layer in
TFTs were prepared using several deposition methods,
such as pulsed laser deposition,*> 13 evaporation,'® 20-22
radio-frequency (RF) sputtering,> !> 14719:23.24 and sol—gel
processes.?! In this study, p-type SnO-based TFTs were
fabricated by a more TFT-industry-compatible sputtering
process from a SnO target. The post-annealing condi-
tions in different N,, O,, and air environments altered the
electrical properties of the sputtered-deposited SnO TFTs
dramatically.

2. EXPERIMENTAL DETAILS

SnO channel layers were deposited on 150-nm-thick SiO,
films grown on (100) Si substrates from a SnO (99.999%,
2 inch diameter) target. The pure Ar gas (99.999%) was
used as the reaction gas and the Ar flow rate was 22 sccm.
The working pressure was fixed to 20 mTorr during
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deposition. The target-to-substrate distance was kept con-
stant at 10 cm for all depositions. The substrate was rotated
at 13.5 rpm and was unheated during deposition. The SnO
target power was fixed at 100 W. The typical thickness of
the SnO channel layers was approximately 30 nm.

To prepare the patterned source and drain electrodes,
molybdenum (Mo) films were deposited on top of the SnO
channel layers through a shadow mask by DC magnetron
sputtering. The Ar flow rate was 20 sccm. The working
pressure was fixed to 0.5 mTorr during deposition. The
input voltage was fixed to DC 100 V. The thickness of
the Mo electrodes was 150 nm. The width (W) and length
(L) of the fabricated samples were 1500 wm and 650 pm,
respectively. Figures 1(a) and (b) show a schematic cross-
sectional view and a photographic top view, respectively,
of the typical samples prepared in this study. As shown in
Figure 1, the TFTs have a bottom gate and a top contact
structure.

To observe the effects of post-annealing on the device
properties of SnO-TFTs, post-annealing was carried out at
150-400 °C for 1 hr in a furnace for N, and air anneal-
ing, and in the chamber for O, annealing. The device
characteristics of the SnO-based TFTs were measured at
RT in a darkened probe box in air using two Keithley
2400 source meters at the DC voltage source and a Keith-
ley 6485 picoammeter for the current measurements along
with the corresponding software (Microsoft visual basic).
The capacitances of the SiO, gate dielectric films were
measured at RT using an Agilent 42854A precision LCR
meter after forming Ohmic contacts with a 150-nm-thick
Mo layer by DC sputtering.

Fig. 1. (a) Schematic cross-sectional view and (b) photographic top
view of sputter-deposited SnO-TFTs developed in this study: W =
1500 um and L = 650 pm.
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3. RESULTS AND DISCUSSION

Figure 2 shows the typical source-to-drain current versus
the gate-to-source voltage (Isp—Vg) transfer curves of the
sputter-deposited SnO-based TFTs before and after anneal-
ing at different temperatures in an oxygen (O,) environ-
ment. A series of measurements were performed with the
drain-to-source voltage (Vyg) fixed to —0.001 V, which
is well within the sub-threshold region. The sub-threshold
swing in the p-type operation (SS,) for the same devices
used in Figure 2 was also obtained from the inverse slope
of the curve shown in Figure 2 using Eq. (1)*2°

d(IOgISD)]_l

7 (1)

SS, = |:
Here, the sub-threshold swing in n-type operation (SS,)
can also be obtained if Iy, is replaced with Ij,q in Eq. (1).
If the device operates in sub-threshold mode, the linear
hole field-effect mobility, fy, o> 1N P-type operation can
be calculated using Eq. (2)*

g L 1 1

J VGS w CSi02 VSD

Min-hole = (2)
where Cg, is the capacitance per area of the SiO,
gate insulator, which was 23 nF/cm?, as measured in
a metal-insulator-metal configuration. The linear electron
field-effect mobility, iy cecnons 1D the n-type operation
can also be estimated using Eq. (2) if Iy, and Vi are
replaced with I,q and Vg, respectively. Table I lists the
important device parameters of the sputter-deposited SnO-
based TFTs, which were obtained from Figure 2 using
Egs. (1) and (2). Figure 3 also shows the characteristics
of the important parameters, such as the linear mobility
(Myn), on/off ratio (I,,,;) and sub-threshold swing (SS)
at different post-annealing temperatures (7oq annea) 10 O,
ambient obtained from Table I. As shown in Figures 2,
3, and Table I, the SnO-based TFTs as-deposited and
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Fig. 2. Typical I,—Vg transfer curves of sputter-deposited SnO-based
TFTs after annealing at different temperatures in an oxygen environment.
Vps was fixed to —0.001 V, which is well within the sub-threshold region.
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Table 1.
Egs. (1) and (2).
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Summary of the important device parameters of SnO-TFTs post-annealed in O,, which were obtained from the results in Figure 2 using

Post-annealing p-type parameter

n-type parameter

Temperature in

0, (°C) Von (V) Min-hole (cm?/V! s) Iﬂn/ul'f(p) SS,; (V/dec.) Min-electron (cm*/Vs) Inn/nfl'(n) SS,, (V/dec.)

As-deposited 0.5 0.09 82.1 0.13 0.1 86.8 0.14
(No annealing)

150 0 0.73 132 2.14 0.89 158 2.29

200 0 22.43 597 1.16 4.1 118 0.12

250 0 3.21 388 4.89 2.85 380 5.14

300 0 1.65 1.45x 103 0.02 1.93 1.64 x 10° 0.02

post-annealed at 150 °C in O, exhibited ambipolar prop-
erties, which have symmetrical p- and n-type parameters.
The onset voltage (Vi) (V. defined as the source-gate
voltage at which the mobile hole carriers begin to accu-
mulate in the channel and the g, begins to increase in
a transfer curve), reflecting the symmetry of an ambipo-
lar TFT, is expected to be close to zero for an ambipolar
TFT. Here, Vy rather than the threshold voltage was used
because V,,y is determined mainly by the trapped charges,
whereas shifts in the threshold voltage in TFTs can be
related to changes in many more physical parameters, such
as the SS and mobility.?®? This suggests that in the SnO
channel layers annealed at low temperatures, the number
of p-type carriers originating from tin vacancies (Vg,) and
oxygen interstitials (0;) is similar to that of n-type carriers
resulting from tin interstitials (Sn;) and oxygen vacancies
(V,).? Figure 3 clearly shows that i, pojes Loty and SS,,
which are parameters in p-type operation, are more than
five times greater than iy, ciecirons Lonofiny @0d SS, in n-type
operation for SnO-based TFTs after annealing at 200 °C
in O,. This suggests that the SnO-TFTs post-annealed in
0, at 200 °C exhibited dominant p-type unipolar behavior.
Room temperature sputtered SnO, films were reported®
to show p-type conduction, which is originated mainly
from Vg,, presenting a polycrystalline structure composed
of a mixture of tetragonal B-Sn and «-SnO, phases,
after annealing at 200 °C. Therefore, it was expected that
the p-type conduction observed in these 200 °C post-
annealed SnO-TFTs would be due to an enhancement of
the Vg, acceptors originating from the polycrystalline SnO-
dominated channels. On the other hand, the TFTs annealed
at higher temperatures in O, exhibited ambipolar opera-
tion once again. This suggests that the incorporation of
excess oxygen into the SnO channel layers forms n-type
SnO, layers and decreases the hole concentration at tem-
peratures greater than 200 °C, which returns to ambipolar
behavior. This result is consistent with a recent report on
ambipolar behavior in SnO-TFTs post-annealed at 400 °C
in an oxidative atmosphere.>

Figure 4 shows the typical Ig,—Vjg transfer curves of
the sputter-deposited SnO-based TFTs, after annealing at
different temperatures in air. The measurements were also
carried out with a Vg of —0.001 V. To analyze the result

in Figure 4 more efficiently, the important parameters of
Miin> Lonore @and SS at different post-annealing temperatures
(Thostannear) 0 @n air ambient were deduced from Figure 4
using Egs. (1) and (2), and their characteristics are shown
in Figure 5. As shown in Figures 4 and 5, all balanced
p- and n-type parameters were observed at T, auneat =
200 °C, suggesting that ambipolar conduction occurred
for the SnO-based TFTs post-annealed in air at 200 °C.
Similar ambipolar TFTs were fabricated using a poly-
crystalline SnO channel layer deposited by electron-beam
evaporation at RT, followed by rapid thermal annealing
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Fig. 3. Characteristics of the important parameters, such as (a) a linear
mobility (uw,,) and (b) an on/off ratio (I,,,) and a sub-threshold swing
(SS) at different post-annealing temperatures in an O, ambient obtained
from Figure 2 and Table 1. Wy, poies Loormp) and SS, are the parameters in
p-type operation and fy, ciecirons Lowofiny @0d S, are parameters in n-type
operation.
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Fig. 4. Typical Iy,—Vs transfer curves of sputter-deposited SnO-based
TFTs after annealing at different temperatures in an air ambient. V3 was
fixed to —0.001 V, which is well within the sub-threshold region.

at 400 °C in Ar ambient.®® In one study,®® SnO, TFTs
fabricated by reactive rf magnetron sputtering of a Sn
target at RT under an oxygen partial pressure (P,,) of
11.8% and then annealed at 200 °C in an air ambient,
exhibited weak ambipolar characteristic. Ambipolar oper-
ation was also observed®? in reactive sputter-deposited
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Fig. 5. Characteristics of the important parameters, such as (a) linear

mobility (u;,) and (b) on/off ratio (/,,;) and sub-threshold swing (SS)
at different post-annealing temperatures in air ambient obtained from
Figure 4. oy, hotes Loworepy @nd SS, are parameters in p-type operation and

Main-etectron> Tonvoriny @nd S, are parameters in n-type operation.
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SnO-TFTs using a Sn target at 90 °C and P, of 6.0%
after annealing at 260 and 290 °C in air ambient. On the
other hand, as shown in Figures 4 and 5, for 250 °C <
Tostanncal = 300 °C, the iy pge and Loy p-type parame-
ters for the SnO-TFTs sputter-deposited from a SnO target
at RT and post-annealed in air showed an increasing trend
(3.88-24.74 cm*/Vs for pyypoper 770-3110 for I
with increasing T anea» Whereas those n-type parame-
ters change slightly. The ratio of p- to n-type parame-
ters also increased with increasing 7}y ynea 10 this region.
Therefore, these sputter-deposited SnO-TFTs annealed in
air exhibit p-type conduction, which is likely to be related
to the increase in Vg, in the polycrystalline SnO-dominated
channels. Figure 4 also shows that as 7} unea INCTEases
to 400 °C, the on source—drain current in the p-type char-
acteristic (I at Vgg = —20 V) did not change due to the
unchanged 0., Whereas the on drain—source current
in the n-type characteristic (Ipg at Vg =20 V) increased
sharply owing to the large increase in Wy, gjecirons @S Shown
in Figure 5(a). Furthermore, the 400 °C post-annealed
SnO-based TFTs exhibited near balanced p- and n-type
parameters in I, and SS, as shown in Figure 5(b), sug-
gesting that the TFTs annealed at a high temperature of
400 °C in air ambient show almost ambipolar character-
istics due to compensation of the acceptors by the donors
in the channel layer with a SnO-SnO, composite phase.
This concurs with a recent report on ambipolar behavior in
sputter-deposited polycrystalline SnO-TFTs after anneal-
ing at 400 °C in air.> One study® attributed the ambipo-
lar operation in air-annealed SnO-TFTs at high annealing
temperatures to the partial formation of a n-type SnO,
channel.

Figure 6 presents the typical Igp—V;g transfer charac-
teristics of the sputter-deposited SnO-based TFTs after
annealing at various temperatures in a nitrogen (N,) ambi-
ent. A very small Vg = —0.001 V was applied to the
TFT devices to investigate the device characteristics in
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Fig. 6. Typical I,V transfer curves of sputter-deposited SnO-based
TFTs after annealing at different temperatures in a nitrogen ambient. Vg
was fixed to —0.001 V, which is well within the sub-threshold region.
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Fig. 7. Characteristics of the important parameters such as (a) linear
mobility () and (b) on/off ratio (/) and sub-threshold swing (SS)
at different post-annealing temperatures in a nitrogen ambient obtained
from Figure 6. iy nores Loworrp) @d SS,, are parameters in p-type operation
and Wiy cecirons Lonoriny @nd SS,, are parameters in n-type operation.

the sub-threshold region. From the results in Figure 6,
the important wy,, /I, and SS parameters at different
Tostamear 1N @ N, ambient were estimated using Eqgs. (1)
and (2), and their characteristics are plotted in Figure 7.
As shown in Figures 6 and 7, near balanced p- and n-type
parameters in w;;, and 1, were observed at a Tj, nneas =
150 °C, suggesting that ambipolar conduction occurred for
SnO-based TFTs post-annealed in N, at 150 °C. On the
other hand, for post-annealing at 200 °C in N,, My holes
Lowoftyy @nd SS, in p-type operation (43.85 cm?/Vs for
Miinhotes 3990 for I, and 1.16 for SS,) were much
greater than those in n-type operation (3.97 ¢cm?/Vs for
Miincetectrons 292 0T Loyo¢y» and 0.11 for SS,). Furthermore,
the Min-hole to Mlin-electron ratio and the Ionloff(p) to Ionloff(n)
ratio were increased by post-annealing at 300 °C in N,.
Yabuta et al.? reported that the SnO-TFTs, which were
fabricated by rf magnetron sputtering applying a SnO tar-
get at RT and then annealed at 300 °C in N,, exhibited
p-type characteristics due to the formation of p-type poly-
crystalline SnO channels. The p-type conduction of the
N-doped SnO, channel layers grown by reactive sputter-
ing at high N, partial pressure was attributed to atomic
N incorporated substitutionally at the O sites to form tin
oxynitride (SnON), which acts as an acceptor.!®23 2433
Therefore, the SnO-TFTs annealed at 200 and 300 °C in

Kim et al.

N, present p-type conduction that is likely to be asso-
ciated with an increase of acceptor-like SnON impurities
formed by N atoms occupying the O sites in the polycrys-
talline SnO-SnO, channels. As T, ynea Was increased to
400 °C, the results in Figures 6 and 7 were similar to those
in Figures 4 and 5. This suggests that the same argument
used for the TFTs annealed at 400 °C in air can also be
applied to those annealed at 400 °C in N,.

The conversion from p-type characteristics to near
ambipolar characteristics with T} ynea Observed for TFTs
post-annealed at 400 °C in N, or air is believed to orig-
inate mainly from competition between the acceptor and
donor generation process. In particular, for the p-type
SnO-dominated channels, the majority carriers are holes
resulting from acceptors, such as Vg, and SnON impuri-
ties for air- and N,-annealed TFTs, respectively. As the
n-type SnO, content increases with 7 neq» the accep-
tors are gradually compensated for by the donors in the
SnO,. When the number of acceptors and the values of
the p-type parameters have a similar order of magnitude
as the donors and n-type parameters, the SnO, channels
would exhibit near ambipolar characteristics. Based on
the experimental results, the best p-type SnO-based TFTs
were obtained after annealing at 300 °C in N,, which
showed iy pote = 25 /s, Lo = 6.62 x 10° and
SS[, = 0.02 V/decade, and a threshold voltage of 0 V.
Nitridation of the polycrystalline SnO-SnO, channels by
N,-annealing increased the hole density and finally pro-
duced p-type SnO channels. Note that the wj, 0. value
is higher than that (6.75 c¢cm?/Vs) reported by Caraveo-
Frescas et al.** for any p-type oxide TFTs.

4. CONCLUSION

This study examined the effects of post-annealing on
the device properties of SnO-based TFTs fabricated by
rf magnetron sputtering from a SnO target. Unannealed
SnO-TFTs exhibited ambipolar properties, which have
symmetrical p- and n-type parameters.

(1) For the TFTs post-annealed in O,, they preserved
ambipolar properties at 150 °C, suggesting that in the SnO
channel layers annealed at low temperatures, the number
of p-type carriers originating from Vg, and O, were similar
to that of the n-type carriers resulting from Sn; and V,,. On
the other hand, the 200 °C post-annealed SnO-TFTs in O,
exhibited dominant p-type behavior, which is due likely
to an enhancement of the Vg, acceptors originating from
the polycrystalline SnO-dominated channels. After anneal-
ing at 300 °C in O,, the TFTs showed ambipolar behavior
because the incorporation of excess oxygen into the SnO
channel layers forms n-type SnO, layers and decreases the
hole concentration at high annealing temperatures.

(2) For the TFTs post-annealed in air, ambipolar, p-type
and near ambipolar conductions were observed for

Tpost-anneal = 200 OC’ 250 OC = Tpost-anneal = 300 OC and
Tost-annear ©F 400 °C, respectively.
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(3) For the TFTs post-annealed in N,, ambipolar conduc-
tion occurred at T ymea = 150 °C followed by p-type
conduction at T, e = 200 and 300 °C.

The conversion from p-type conduction to near ambipo-
lar conduction with 7, sunea Observed for the TFTs post-
annealed at 400 °C in N, or air originated from competition
between the acceptor and donor generation process. For
the p-type SnO-dominated channels, the Vg, and SnON
acceptor impurities are expected to be dominant for air-
and N,-annealed TFTs, respectively. When the number of
acceptors and the p-type parameters have a similar order of
magnitude as the donors and n-type parameters, the SnO,
channels would exhibit near ambipolar characteristics. The
best p-type SnO-based TFTs were obtained after anneal-
ing at 300 °C in N,, which showed w;, o = 25 cm?/Vs,
Lonyofip) = 662 X 103, SS, of 0.02 V/decade and a thresh-

(o)

old voltage of 0 V. The w10 Value was higher than that
reported to date for any p-type oxide TFTs.
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