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ABSTRACT

The device properties of solution-processed tin oxide (SnO)-thin-film transistors (TFTs), in which the SnO
channel layers were deposited by spin-coating, were investigated. XPS confirmed that the SnO channel layers
contained Sn?* and O?- ions in the SnO matrix and were slightly oxygen deficient. The developed SnO-TFTs
exhibited good ambipolar properties with almost balanced p- and n-type parameters, suggesting that in the SnO
channel layers, the number of holes arising from tin-vacancies and oxygen-interstitials is identical to that of the
electrons resulting from tin-interstitials and oxygen-vacancies. SnO channels with a slight oxygen deficiency
might improve the electron field-effect mobility, resulting in balanced field-effect mobilities in the p- and n-channel
operations. The linear dependence of the onset voltage on the drain-to-source voltage was explained using the
schematic band diagrams of the SnO-TFTs. The decrease in the on/off ratios with increasing SS was attributed
to an increase in the number of trap states at channel/electrodes interfaces caused by an increase in SS. This
results in a decrease in both the barrier height for hole injection at the source/SnO interface and the barrier
height for electron injection at the drain/SnO interface, giving rise to a high off current, which in turn leads to a

decrease in the on/off ratios.
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1. INTRODUCTION

Recently, solution-processed oxide semiconductors (OSs)
by spin coating, dip coating or inkjet printing have been
used widely as the channel layer in the fabrication of flex-
ible low-cost thin film transistors (TFTs) because of their
chemical stability with respect to oxidation and etching,
simplicity, physical robustness, large area coverage, low-
cost, and high throughput.'* Ambipolar TFTs, which have
both n-type and p-type active layers in a single TFT with
a simplified fabrication process and circuit design, have
attracted considerable attention as an alternative approach
to realizing radio-frequency identification (RFID) tags or
drivers for the next-generation display applications.>® In
addition, bipolar OSs, in which both n-type and p-type car-
rier doping are allowed in the same material and both types
of carriers can be transported freely, are highly desirable
for realizing complementary metal-oxide-semiconductor
(CMOS)-like devices and circuits,”® which have great
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advantages over n-channel MOS (NMOS), particularly
regarding power dissipation and higher density of logic
functions on a chip.

To date, only tin monoxide (SnO), CulnO,, ZnO, and
LaMnPO are known to be the bipolar OSs.! Among them,
SnO has attracted considerable attention because it is a
good candidate for a p-type semiconductors with large
hole mobilities owing to its Sn 5s nature at the valence
band maxima.®!!"1* This paper emphasize that the spa-
tially spread and spherical Sn 5s orbitals, hybridizing and
delocalizing O 2p orbitals, are isotropic, resulting in a high
hole mobility. Moreover, previous studies reported that the
wide direct optical band-gap (2.68-2.78 eV) of SnO pre-
serves a rather high transparency in the visible region,
whereas the small fundamental band-gap (~0.5 eV) of
SnO favors ambipolar behavior.®

SnO films have been prepared mainly by several tech-
niques, such as pulsed laser deposition,'”!! evaporation'?
and radio frequency (rf) sputtering;'>™!* these methods are
still far from practical applications. Furthermore, there are
few reports on TFTs using a SnO film deposited by a
sol—gel process. Therefore, this study examined the device
characteristics of TFTs with SnO active layers that were
fabricated using a solution-processed method.
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2. EXPERIMENTAL DETAILS

The fabrication process of the TFTs is as follows. A sol-
gel method was used to prepare the SnO active layers. The
precursor solution for the SnO active layer was synthesized
by dissolving tin-chloride powder at different concentra-
tions ranging from 0.05 to 0.1 M in 1 M ethanol, which
was stabilized with 1 M acetic acid. The precursor solution
was stirred for 8 hrs at room temperature (RT), filtered
through a 0.2 um membrane syringe filter and spin-coated
at 5000 rpm for 50 sec on the top of a 300-nm-thick SiO,
dielectric layer grown thermally on a heavily-doped p-type
Si gate electrode. The SnO prebake process was then per-
formed at 200 °C for 1.5 min. on a hot plate in air to
evaporate the solvent. The precursor film was then con-
verted to a 50-nm-thick SnO active layer by annealing at
300 °C for 1 hr in a furnace.

Finally, to fabricate the TFTs, patterned 100 nm alu-
minum (Al) source and drain electrodes was prepared
on the top of SnO active layers through a shadow mask
using a thermal evaporator at a pressure of 107 Torr. The
width (W) and length (L) of the samples were 1500 wm
and 800 um, respectively. Figures 1(a) and (b) show a
schematic cross-sectional view and a photographic top
view, respectively, of typical samples with W = 1500 um
and L = 800 um prepared in this study. As shown in
Figure 1, the TFTs had a bottom gate and top contact struc-
ture. 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 for the DC voltage source

Fig. 1. (a) Schematic cross-sectional view and (b) photographic top
view of the solution-processed SnO-TFTs developed in this study: W =
1500 um and L =800 pm.
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and a Keithley 6485 picoammeter for the current measure-
ments along with the corresponding software (Microsoft
visual basic). The capacitances of the SiO, gate dielec-
tric films were measured at RT using an Agilent 42854A
precision LCR meter after forming Ohmic contact with a
150-nm-thick Mo layer deposited by DC magnetron sput-
tering. X-ray photoelectron spectroscopy (XPS) was con-
ducted to examine the contents (at.%) and the Sn and O
chemical bonding states in the SnO films.

3. RESULTS AND DISCUSSION

The raw XPS data indicated that considerable electrostatic
charging took place because of the nonconducting sub-
strates used. Therefore, the observed spectra was calibrated
using the C,; peak (284.6 eV) as the reference. To obtain
the correct chemical composition of the bulk layer of the
SnO films, high doses of argon ions were also used to sput-
ter away the top layer (~4 nm). Figure 2 shows the cali-
brated XPS results for the Sn 3d core level obtained from
the solution-processed SnO thin-films prepared with a tin-
chloride concentration of 0.1 M and an annealing temper-
ature of 300 °C. The etched SnO film surface showed a
spin-orbit doublet at ~485.6 and ~494.1 eV, which were
assigned to Sn** 3d,, and Sn** 3d; ,, respectively.® '
This suggests that the Sn 3d core level XP spectra of the
etched sample only present one peak corresponding to Sn
in the SnO matrix.

Figure 3 also shows the results of XPS analyses for
the O 1s core level obtained from the solution-processed
SnO thin-films prepared with a tin-chloride concentration
of 0.1 M and annealing temperature of 300 °C. The O
s peak was fitted by two Gaussian peaks (GPs). For all
SnO films, one dominant GP at approximately 529.5 eV
(peak 1), which was attributed to O in SnO,% %17 was
observed and an additional GP was centered at around
530.9 eV (peak 2), which was assigned to adsorbed O on

485.6 eV

494.1 eV

2
Sn* 3dg,

Intensity (arb. units)

T T T T T T T
482 484 486 488 490 492 494 496 498
Binding Energy (eV)
Fig. 2. Sn 3d core level narrow scan XP spectra of the solution-

processed SnO thin-films prepared with a tin-chloride concentration of
0.1 M and annealing temperature of 300 °C.
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Fig.3. O 1s core level narrow scan XP spectra of the solution-
processed SnO thin-films prepared with a tin-chloride concentration of
0.1 M and an annealing temperature of 300 °C.

the outermost surface near the film surface. This indicates
that the oxidation of SnO films occurs near the surface of
the films. The content (at.%) of the samples obtained from
XPS indicated that the Sn/O atomic ratio of the calibrated
sample was determined to be 52.95/47.05, suggesting that
the SnO channel layers were slightly oxygen deficient.
Figure 4 shows the typical source-to-drain current
versus gate-to-source voltage (Isp—Vgs) transfer curves of
the TFTs fabricated with the solution-processed SnO chan-
nel layers, which exhibited the XPS characteristics shown
in Figures 2 and 3. Here, a series of measurements were
performed with different drain-to-source (Vpg) voltages
ranging from —0.01 to —10 V, which are in the sub-
threshold and saturation regions. The sub-threshold swing
in p-type operation (SS,), which describes the change in
Vs that should be applied to the devices to increase Igp

—6
10 Solution-processed SnO-TFTs

W/L = 1500 pm/800 pm

Isp (A)

-~—(®)
——Vpg=-0.01V

9 ~
107 3 Tin Chloride in 0.1 M Loy o Ves=-01V
Ethanol/Acetic Acid —A—Vpg=-1V
Annealing T = 300 °C —o— Vs =-10V
10710 T T .
-20 -10 0 10 20
Vgs (V)

Fig. 4. Typical Iy,—Vs transfer curves of the TFTs fabricated using
solution-processed SnO channel layers, which have XPS characteristics
shown in Figures 2 and 3. The V4 values were varied from —0.01 to
—10 V. The point (A) has a low Vg value of ~0 V and is in the linear
region with a low |V,|, whereas the point (B) has a high V,, value and
is in the saturation region with a high |Vp].
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by an order of magnitude, of the same devices used in
Figure 4 was also obtained from the inverse slope of the
curve shown in Figure 4 using Eq. (1)"*1°

S — d(logIsp) !
P dVss

The sub-threshold swing in n-type operation (SS,) can also
be obtained if Iy is replaced with Ig in Eq. (1). If the
device operates in sub-threshold mode, the linear-region
hole field-effect mobility, ;... In p-type operation can
be estimated using Eq. (2)*

g, L 1 1
Mihole = o

WVss W Csio, Vsp
where Cg,, is the capacitance per area of the SiO, gate
insulator, which was 11.5 nF/cm?, as measured in a metal-
insulator-metal configuration. The linear electron field-
effect mobility, (| qecrons 1N 7-type operation can also be
estimated using Eq. (2) if Iy, and Vi, are replaced with
Is and Vi, respectively. The saturation hole field-effect
mobility, p ... Was calculated using

~(aVIp\2L 1
lu’s-hole - aVGS W CSiOZ

The saturation electron field-effect mobility, i, ecrons 11
n-type operation can also be estimated using Eq. (3) if the
I, and Vg are replaced with I,g and Vg, respectively.
Table I lists important device parameters of the
solution-deposited SnO-based TFTs as a function of Vjy,
which were obtained from the results in Figure 4 using
Egs. (1)—(3). As shown in Figure 4 and Table I, the
solution-processed SnO-based TFTs exhibited ambipolar
properties, which have near balanced p- and n-type param-
eters. The onset voltage (V,y), which is defined as |Vjq]
at which the mobile hole or electron carriers begin to
accumulate in the channel and |/g| begins to increase in
a transfer curve, was also found to be close to zero at
very low Vg values of —0.01 and —0.1 V. This reflects
the symmetry of the ambipolar TFT and supports the
ambipolar operation of the developed SnO-TFTs. Here,
Von Was used rather than the threshold voltage because
Von 1s 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
SS and the mobility.?"?> In the SnO channel layers of
the developed TFTs the number of p-type carriers orig-
inating from tin vacancies (Vy,) and oxygen interstitials
(O,) are almost identical to those of the n-type carriers
resulting from tin interstitials (Sn;) and oxygen vacan-
cies (V,).2 As listed in Table I, ambipolar conduction
with well-balanced p- and n-type field-effect mobilities
was observed in the developed SnO-TFTs. The SnO chan-
nels with a slight oxygen deficiency, as evident in these
XPS results, might benefit the improvement of the elec-
tron field-effect mobility, resulting in balanced field-effect
mobilities in the p- and n-channel operations in this work.
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Table I.
Figure 4 using Eqs. (1)—(3).
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Summary of the important device parameters of the developed SnO-TFTs as a function of Vg, which were obtained from the results in

Vps value

p-type parameter

n-type parameter

applied to the

SnO-TFTs (V) Von (V) Mpole (cm*/Vs) Iun/nfl'(p) SS p (V/dec.) Melectron (cm*/Vs) Iﬂn/ul'f(n) SS, (V/dec.)
—0.01 1 43.8® 108 3.14 50.3© 242 1.24
—0.1 1 4.1® 285 1.26 6.7 630 0.42
1] 1.5 0.44® 104 1.77 0.59¢© 227 1.69
—10 7 0.62® 41.1 3.55 0.32@ 552 3.24

Notes: (a) Indicates the linear-region hole field-effect mobility. (b) Indicates the saturation-region hole field-effect mobility. (c) Indicates the linear-region electron field-effect

mobility. (d) Indicates the saturation-region electron field-effect mobility.

Another ambipolar operation was observed!” in the reac-
tive sputter-deposited SnO-TFTs using a Sn target at 90 °C
and an oxygen partial pressure of 6.0% after annealing at
260 and 290 °C in air ambient. A previous study reported®
that the ambipolar behavior in SnO-TFTs can be attributed
to the bipolar nature of the SnO channel.

Figure 4 and Table I also show that the Vg values
change significantly, depending on the V|4 value and the
linear dependence of Vy on Vg at a negative Vg is
depicted in Figure 5. In Figure 5, the open circle symbol
indicates the measured V5 values for the samples and the
solid line shows the best linear fit to the measured V,y val-
ues for the samples. As shown in Figure 5, the V) value
shifted to the positive position as the magnitude of the neg-
ative applied Vg increased, indicating that Vy depends
linearly on |Vpg|.

To realize good ambipolar TFTs, the efficient and bal-
anced injection of both electrons and holes from the
source/drain (S/D) electrodes into a channel layer or vice
versa is necessary.6 Therefore, a channel with small band-
gap and suitable band alignment matching between the
S/D electrodes and semiconductor channel contact should

O Measured
N — — Linear Fit

Von (V)

Von = -0.605 Vg + 0.944 < )

— ,
=12 -10 -8 -6 -4 -2 0 2
Vps (V)

Fig. 5. Linear dependence of V on V) at negative V)4 for SnO-TFTs
prepared in this work: the open circle symbol indicates the measured Vi,
values for the samples and the solid line shows a best linear fit to the
measured Vo values for the samples. The point (A) has a low Vo value
of ~0 V and is in the linear region with a low | V|, while point (B) has
a high V) value and is in the saturation region with a high | V|-

be selected to reduce the injection barrier. The SnO chan-
nel is likely to be the best choice because it has a low fun-
damental band-gap of 0.5 eV.® This SnO also reduces the
technical difficulties in selecting the S/D electrode materi-
als. In this study, the commonly used Al S/D electrodes,
which have a work function of 4.26 eV, were utilized.*
Figure 6 shows a schematic band diagram of the SnO-
TFTs at different Vg corresponding to two points, (A)
and (B), as highlighted in Figures 4 and 5. At point (A),
which has a low V,y value of ~0 V and is in the lin-
ear region with low |Vg|, the band bends slightly at both
the source/SnO and drain/SnO interfaces, balanced charge
injection occurs due to the formation of the same injection
barriers at the electrode/SnO interfaces. With the applied
low |Vpg|, the Fermi level (E) of the S electrode decreases
slightly compared to that of SnO, which lies in the middle
of the band-gap of SnO, whereas the E, of the D electrode
increases slightly compared to that of SnO. This results

Fig. 6. Schematic band diagram of the SnO-TFTs at different V, cor-
responding to two points, (A) and (B), highlighted in Figures 4 and 5.
The point (A) has a low Vg value of ~0 V and is in the linear region
with a low |V,| while the point (B) has a high V, value and is in the
saturation region with a high |V].
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in an identical barrier height for hole injection at the
source/SnO interface (AE,) to that for electron injection
at the drain/SnO interface (AE.). As a result, the positive
Vgs to turn on the SnO-TFTs for the n-channel operation
would be the same as the negative V¢ for p-channel oper-
ation, which in turn leads to a low Vy value of ~0 V (See
Fig. 6(a)). On the other hand, at point (B), which has a
high positive Vy value and is in the saturation region with
a high |V], the band at the source/SnO interface bends
more severely than that at the drain/SnO interface, higher
hole injection than the electron injection occurs due to
the formation of a lower AE,, at the source/SnO interface.
With the application of a high |Vjyg|, the E. of the S elec-
trode decreases significantly compared to that of the SnO,
whereas the E of the D electrode increases moderately.
This results in a much smaller AE,, than AE, correspond-
ingly, the V,,y value would be highly positive when a high
|Vpslis applied, which agrees with these observations.

As listed in Table I, the on/off ratios in the p- and n-type
operations (o) and Lyyoirm) decreased with increasing
SS in both p- and n-type operations. An increase in the
SS is related to an increase in the density of subgap trap
states at the E, which are located close to the semicon-
ductor/insulator or semiconductor/electrodes interfaces.?
The presence of subgap trap states at the SnOf/electrode
interfaces will reduce both AE, and AE, resulting in a
high off current, which in turn leads to a decrease in the
on/off ratios.

4. CONCLUSION

This study examined the device characteristics of TFTs
with SnO channel layers fabricated using a solution-
processed method. XPS of the SnO channel layers revealed
Sn and O atoms in the SnO matrix and a slight oxygen
deficiency. The developed SnO-TFTs exhibited ambipolar
properties, which have near balanced p- and n-type param-
eters. The results suggest that in SnO channel layers of
the developed TFTs, the number of holes originating from
V,, and O is similar to that of the electrons resulting from
Sn; and V,. In addition, SnO channels with slight oxy-
gen deficiency, as shown by XPS, might benefit from an
improvement in electron field-effect mobility, resulting in
balanced field-effect mobilities in p- and n-channel oper-
ations. Schematic band diagrams of the SnO-TFTs were
derived to explain the linear dependence of Vi on |Vigl:
In the case of a low Vy and a low | V5|, the AE,, is sim-
ilar to the AE, resulting in a positive Vg to turn on the
SnO-TFTs for n-type operation that would be close to the
negative Vg for the p-type operation, which in turn leads
to a low Vgy. On the other hand, for a high positive Vy
and a high |Vjs|, AE, is much smaller than AE.. This
results in a positive Vg for n-type operation that would be
much greater than the negative V4 for p-type operation.

Yun et al.

Consequently, the Vy value would be highly positive. The
decrease in on/off ratios with increasing SS is likely to
be because an increase in the number of trap states at the
semiconductor/electrodes interface caused by an increase
in the SS results in a decrease in both AE,, and AE, giv-
ing rise to a high off current, which in turn leads to a
decrease in the on/off ratios.
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