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Abstract: In this work, the incorporation of tantalum (Ta) into p-type metal-oxide (SnO,) semiconductor film is investigated to
improve the electrical characteristics and suppress the fringe effect of thin film transistors (TFTs). The Ta-doped SnO, (SnO,:Ta)
film is deposited by radio-frequency (RF) magnetron sputtering with a Sn:Ta (3 at.%) target and thermally annealed at
270 °C for 30 min. Here, we observe that the SnO,Ta film presents increased crystallinity, reduced defect density (3.25 X
10'2 cm~2-eV-1), and widened bandgap (1.98 eV), in comparison with the undoped SnO, film. As a result, the SnO,:Ta TFTs
exhibit a lower off-state current (/,¢), an improved on/off current ratio (2.17 x 10%), a remarkably decreased subthreshold swing
(SS) by 41%, and enhanced device stability. Additionally, by introducing Ta dopants, the fringe effect as well as the impact of
channel width-to-length ratio (W/L) on electrical performances of the p-type oxide TFTs can be effectively suppressed. These
results shall contribute to further exploration and development of p-type SnO, TFTs.

Key words: tin monoxide; p-type thin film transistors; Ta doping; fringe effect; on/off current ratio
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1. Introduction

Metal oxide (MO) semiconductors have garnered signifi-
cant attention in various electronic device applications, includ-
ing flexible displays!", sensing!?, radio frequency identifica-
tionB], and memories. Compared to the n-type MO, which
have demonstrated their excellent mobility, high on/off cur-
rent ratio, and good stability®], performance of the p-type
MO still lags behind. In the p-type SnZ*-based MO, the 5s
orbital of Snz* hybridizes with the O 2p orbital to form the
valence band maximum (VBM), resulting in a small carrier effec-
tive mass and high hole mobility® 7). Nonetheless, the unfavor-
able phase stability induced by transformation of Snz* and
Sn#*+ oxidation states and the narrow band gap are the main
challenges, which hinders the high-quality deposition of SnO,
film and its further application, e.g. thin-film transistors
(TFTs)L In recent years, researchers have suggested introduc-
ing a third element such as nickel (Ni), tantalum (Ta), and
kalium (K) to enhance the film quality, by widening the stabil-
ity range, compensating native defects, and retaining the
cation lone-pair states®-111, For example, Ni incorporation can
significantly improve the field-effect mobility of the p-type
SnO, TFTs up to 11 cm?(V-s), showing an approximately ten-
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fold enhancement compared to that of the typical p-type MO
TFTs. But, from another aspect, Ni doping also degrades off-
state current of the SnO, TFTs and leads to an on/off current
ratio of 2 x 102, which is much lower than the current switch
ratio (exceeding 107) in the n-type MO TFTs.

Currently, introducing Ta element into the binary com-
pound SnO has been deeply considered to tune its elec-
tronic band gap, decrease the effective mass of holes and
boost the phase stability!® 1. 121, Based on the first principles
calculations, crystal structure of Sn—O-Ta can be changed via
Ta incorporation, predicting a theoretical holes’ mobility over
60 cm?/(V-s)[8l, The electrostatic interaction among Sn, O, and
Ta atoms and the stable lattice structure result in the
enhanced thermodynamic stability of the SnZ+ states. More-
over, the SnZ*-based MO with Ta incorporation has a wider
band gap, which overcomes the issue of small band gap in
SnO and offers a reduced concentration of intrinsic carriers
and a lower off-state current for TFTs. Although the SnZ*-
based MO with Ta incorporation has been proposed as a
promising wide-band-gap p-type MO, based on these exten-
sive computational simulations® 1. 13 14 no report has
shown the experimental synthesis and demonstrated its semi-
conducting characteristics.

In this work, we for the first time demonstrate Ta incorpo-
ration into the p-type SnO, film, and investigate material prop-
erty and device performance of the fabricated TFTs. Our
results show that Ta doping can effectively reduce defect den-
sity, increase crystallinity, and enlarge band gap of the doped
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Fig. 1. (Color online) (a) Schematic structure of the SnO,/SnO,:Ta TFTs. Transfer curves (Ips—Vgs) of the SnO, and SnO,:Ta TFTs, (b) after annealed
at different temperature for 30 min, (c) deposited in an Opp range of 2.3%—4.3%, (d) with a different channel thickness.

SnO, film, optimizing electrical performance parameters such
as field-effect mobility, on/off current ratio, subthreshold
swing of the TFTs. Furthermore, the fringe effect is also
improved for p-type SnO, TFTs via Ta incorporation, as well
as the device stability under prolonged negative bias stress
(NBS) and negative bias temperature stress (NBTS).

2. Experiments

Fig. 1(a) illustrates schematic view of an inverted-stag-
gered p-type MO TFTs, fabricated in this work. A heavily
doped p-type silicon substrate was used as the bottom gate,
with a 100 nm-thick SiO, layer thermally grown as the gate
insulator. The SnO, and SnO,Ta channel layers were
deposited by RF magnetron sputtering from Sn and Sn:Ta
(3 at.%) targets separately, in the atmosphere of O, and Ar mix-
ture and at room temperature. During the sputtering, the RF
power and the pressure inside the chamber are 30 W and
0.88 Pa, separately. Subsequently, the SnO, and SnO,:Ta films
were separately annealed at 250 and 270 °C for 30 min in an
ambient air to optimize the film quality. Next, the source and
drain electrodes, with a 10 nm-thick Cr and 50 nm-thick Au

Table 1. Electrical parameters of the SnO,/SnO,:Ta TFTs deposited at
Opp =3.3%.

Channel  Channel MreT SS lon/off

type thickness (nm)  (cm?/(V's)) (V/dec)

SnO, 20 0.69 11.15 3.60 x 103
24 0.97 9.21 413 %103
28 1.1 17.86 1.27 X 102

SnO,Ta 20 0.50 7.44 1.54 x 10*
24 1.12 7.19 213 x10*
28 0.74 7.19 1.01 x 10*

layer, were formed through thermal evaporation. To investi-
gate the fringe effect, several width-to-length (W/L) ratios
have been designed for the SnO, and SnO,:Ta TFTs, with the
fixed channel length of 30 um and the deposited film area of
800 x 800 um?, by using the metal mask. Simultaneously, the
metal—oxide—semiconductor capacitors (MOSCAPs) were fabri-
cated to measure capacitance-voltage (C-V) and conduc-
tance—voltage (G-V) characteristics of the p-type MO active
layers, by using an Agilent 4294A precision impedance ana-
lyzer at room temperature. Crystal structures, optical proper-

Y Song et al.: Improving electrical performance and fringe effect in p-type SnO, thin film transistors ......
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Table 2. Percentages of Sn®, Sn2*, Sn**, O\ 1, Ovae aNd Ocpem cOMponent by deconvoluting the XPS Sn 3d and O 1s profile.

Film Sn+4 SnZ+ Sno Ochem Ovac OLant

SnO, (10 min) 58.47% 22.13% 19.40% 6.77% 78.14% 15.09%
SnO, (30 min) 31.66% 49.18% 19.16% 76.41% 12.58% 11.01%
SnO,:Ta (30 min) 25.12% 52.03% 22.85% 41.86% 20.07% 38.07%

ties, and chemical compositions of the SnO, and SnO,Ta
films were characterized by grazing incident X-ray diffraction
(GIXRD), X-ray photoelectron spectroscopy (XPS) and ultravio-
let—visible spectroscopy (UV-Vis) with a wavelength of
200-800 nm. Transfer characteristics and bias stability of the
SnO, and SnO,:Ta TFTs were obtained using a semiconduc-
tor characterization system (Keithley 4200) in dark and atmo-
spheric conditions. All the electrical parameters, including
threshold voltage Vy,, linear field-effect mobility yger, and sub-
threshold slope SS, were extracted in the initial sweep while
switching the TFTs from ON state to OFF state.

3. Results and discussion

As depicted in Fig. 1(b), the undoped SnO, TFT achieves
its optimal electrical performance after annealed at 250 °C
for 30 min, whereas the doped SnO,:Ta TFT presents its gate-
control, semiconducting characteristic only after annealed
at 270 °C. Here, the higher annealing temperature (20 °C)
for SNO,:Ta may be due to the difficulty of oxidizing Ta and
the higher temperature requirement for Ta,Os crystalliza-
tion[2 1516 Oxygen partial pressure (Opp) during the MO film
deposition can also affect the fabricated TFT performance. In
Fig. 1(c) Opp ranges from 2.3% to 4.3%, both the SnO, and
SnO,:Ta TFTs present the relatively superior characteristics at
Opp = 3.3% (red curves). While Opp exceeding 4.3%, the
SnO,:Ta layer tends to have high resistance, possibly because
of its poor crystallinity. Changing channel thicknesses d of
the SnO, and SnO,:Ta TFTs, Fig. 1(d) and Table 1 illustrate the
corresponding transfer characteristics and electrical parame-
ters, e.g. urer, SS, on/off current ratio (/y,0f). For the undoped
SnO, TFTs, the pger increases from 0.69 to 1.11 cm?2/(V-s) while
increasing d from 20 to 28 nm. The Iy, Shows its strong
dependence on d and gets reduced from 3.60 x 103 to 1.27 x
102, In contrast, with Ta incorporation, the SnO,Ta TFTs
exhibit the improved /o at the level of 104 as well as the
suppressed SS. Therefore, the p-type MO films are deposited
at Opp = 3.3% and with the thickness of 24 nm, and a ther-
mal annealing is implemented for optimizing electrical perfor-
mance of the fabricated TFTs, 250 °C for the undoped SnO,
and 270 °C for the doped SnO,:Ta in our next discussions.

To further illustrate the effect of Ta doping on SnO, thin
films, the GIXRD patterns of the SnO, and SnO,:Ta films after
annealing are presented in Fig. 2(a). Here, the (110) diffrac-
tion peaks of the a-SnO phase observed in the SnO, and
SnO,:Ta films, indicates the crystalline formation!'”l. The
(0 0 12) diffraction peak of the Ta,O5; phase demonstrates the
effective incorporation of Ta dopants in the SnO,:Ta film. Mean-
while, increasing annealing duration from 10 to 30 min for
SnO, or after Ta doping, we observe that the (110) diffrac-
tion peaks become weaker, indicating the weakened forma-
tion of the a-SnO crystallization. The insets to Fig. 2(a) show
atomic force microscopy (AFM) images of the MO films after
the 30-min annealing, in which the extracted root-mean-

Y Song et al.: Improving electrical performance and fringe effect in p-type SnO, thin film transistors

square roughness is 4.4 nm for the SnO, film, and 8.3 nm for
the SnO,:Ta film respectively. These can be attributed to the
crystalline phase of Ta,Os and a larger grain size of the
SnO,:Ta films, where the formation of Ta=0 strong bonds
improve film quality!'8 191, Herein, the enhanced surface rough-
ness could impact contact between the semiconductor chan-
nel and the metal electrodel29, and results in a large contact
resistance in the SnO,:Ta TFTs.

Furthermore, chemical compositions of the SnO, films
after the 10-min and 30-min annealing, the SnO,Ta after
the 30-min annealing are analyzed by XPS in Fig. 2(b), where
an in-situ etch (60 s, Ar* ion) is carried out before the spec-
trum acquisition[2], After Gaussian fitting, the O 1s peak can
be divided into three sub-peaks, located at 530.4, 531.8, and
533.0 eV[22], The three fit sub-peaks are lattice oxygen (O ),
oxygen vacancy (Oy,), and dissociated oxygen (Ochem), res-
pectively. The Sn 3d spectrum consists of the Sn® peak
located at 484.4, the Sn2* peak at 485.9, and the Sn** peak at
486.6 eVl'7l, While increasing annealing duration (from 10 to
30 min) for the SnO, films, the area percentage of Oy,. gets
decreased from 78.14% to 12.58%. However, a high ratio of
Ochem (76.41%) in the SnO, films after the 30-min annealing
indicates that high-density defect states still exist in the
annealed SnO, films. The SnO,:Ta film presents the highest
ratio of O, With an area percentage of 38.07%, and the low
oxygen vacancy (Oy,, 20.07%), indicating the defect states con-
centration being decreased via Ta incorporation. Meanwhile,
in the Sn 3d spectra, the Sn** peak is notably lower in the
SnO,:Ta films (Sn** = 25.12%) than in those undoped SnO,
films (Sn*+ = 31.66% for the 30-min annealing, 58.47% for the
10-min annealing), i.e. the Sn2* states get oxidized less easily
after Ta doping. The area percentages of all the combined
peaks by deconvoluting the XPS O 1s and Sn 3d spectra pro-
file are listed in Table 2.

Transmittance spectra of the SnO, and SnO,:Ta films are
measured in Fig. 2(c), the inset displays the (ahu)'/2 versus hu
curves. Here, a is the energy-dependent absorption coeffi-
cient, hu is the incident photon energy. Based on the Tauc
method, a can be expressed by the following equation!23!;

ahv = C(hv - E), (1

where h is the Planck constant, v is the photon’s frequency, E
is the band gap energy, and C is a constant. The factor y
depends on the nature of electron transition and is equal to
1/2 or 2 for the direct and indirect band gaps, respectively.
Here, based on Tauc plot of inset of Fig. 2(c) and Eqg. (1), the
indirect, optical band gaps are calculated to be 1.29 eV for
the SnO, films, and 1.98 eV for the SnO,Ta films. Conse-
quently, the enlarged band gap can ensure a low off-state cur-
rent (I,%)®, which is in good agreement with the observa-
tions of Fig. 1(d) for the SnO, and SnO,:Ta TFTs.

To quantitatively evaluate the interface quality of the p-
type MO films, the conductance method is utilized in the

......
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Fig. 2. (Color online) (a) GIXRD patterns of the SnO,/SnO,:Ta films, the insets display AFM images. (b) XPS spectra of the Sn 3d orbitals and O 1s
core-level. (c) Transmittance spectra; the inset shows (ahu)'/2 versus hu plots.

SnO, and SnO,:Ta-based MOSCAPs. As the capacitor struc-
ture depicted in inset, Fig. 3(a) shows depletion capacitance
(Cp) and conductance (G/w) versus voltage curves, which are
measured at a typical low frequency range of 600-800 Hz by
using single scan mode from inversion to accumulation.
Here, the interface state density (D;) can be estimated from
the normalized parallel conductance peak (Gp/w)max2* 2%

_25(Gp
Dy = E(U)maxy (2)

where A is the device area, g is the electron charge, and
(Gp/W)max is the maximum value of Gp/w—V curve at single
frequency f. We extract the D;; maxima of 3.25 x 10'2 and
4.25 x 102 cm=2-eV-! for SnO,:Ta and SnO,, respectively at
(Gp/W)max = 753.93 and 982.38 pF. Here, Gp/w is defined as:
Gp/w = wCpy?G/(G? + w3(Coyx — Cp)d), Cox is the oxide capaci-
tance, w is the angular frequency w = 2nf. This result is consis-
tent with the decreased Oy, and the enhanced O, in
SnO,:Ta, where the Ta=0O bonds increase stability of the lat-
tice structure and effectively reduce the defects density(23],

Next, to investigate the impact of Ta incorporation on elec-
trical performance of the SnO, TFTs, representative transfer
characteristics (Ips—Vgs) of the undoped SnO, and doped
SnO,:Ta TFTs with the W/L ratio ranging from 1 to 20 are illus-
trated in Fig. 3(b). Here, the channel length is fixed at 30 um,
and the devices are measured under atmospheric conditions
and at Vps = —1 V. Electrical parameters with respect to /g
on/off current ratio (lon0f), Mrer, @and SS are fully depicted in
Figs. 3(c) and 3(d). In the p-type SnO, TFTs, I increases as
W/L increases from 1 to 20, and is reduced by annealing and
Ta doping. Increasing the annealing duration, /. of the SnO,
TFTs decreases, because of the reduced Oy, that acts as
donor-like defect and can contribute to electron carriers of
channel and /6. Furthermore, the SnO,Ta TFTs with
30-min annealing presents the smallest value (~10-12 A/um)
of I, the highest on/off current ratio (~10%) and the lower
dependence on W/L, because the Ta=0 strong bonds have
led to the decreased Ocpem (Fig. 2(b)) that is relevant to the
acceptor-like oxygen interstitials and provides intrinsic holes
to the SnO, films27l, From another aspect, SS of the undoped

Y Song et al.: Improving electrical performance and fringe effect in p-type SnO, thin film transistors ......
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Fig. 3. (Color online) (a) Capacitance (Cp) and conductance (G/w) as a function of gate voltage Vs, in the SnO,/SnO,:Ta MOSCAPs after annealing
for 30 min. (b) Ips—Vgs curves (Vps = —1 V) of the SnO, and SnO,:Ta TFTs. (c) Off-state current and on/off ratio. (d) pger and SS.

SnO, TFTs can be improved from ~30 to ~10 V/dec (Fig. 3(d))
with the increased annealing duration, suggesting the
reduced defect states density. More importantly, the doped
SnO,:Ta TFTs exhibit the SS values of ~7 V/dec, demonstrat-
ing that Ta incorporation can effectively reduce D;.. These are
well consistent with the D; calculations based on the C-V
and G-V measurements beforementioned.

As reported in many literatures27-29], the unpattern semi-
conductor channel layers or gate dielectrics are often
employed in the MO TFTs, where the fringe current effect is
inevitably presented and affects the mobility evaluation there-
after. In Fig. 3(d), it can be seen that gy in the SnO, and
SnO,:Ta TFTs decreases close to the real value while W/L
increasing from 1 to 2, 4, 10, and 20. However, the SnO,:Ta
TFTs presents the weakest fringe effect, attributed to its
larger contact resistance and lower defect density28 301, In p-
type SnO,:Ta TFTs with the relatively good uniformity, we con-
clude that a large W/L over 10 is essential to alleviate the
fringe effect. Also, for the case of W/L = 10, electrical perfor-
mances of the SnO,:Ta TFTs have been observed with the
enhanced on/off current ratio of 2.17 x 10% the optimized SS

Y Song et al.: Improving electrical performance and fringe effect in p-type SnO, thin film transistors

Table 3. Key parameters for TCAD simulation.

Symbols (Unit) SnO, SnO,:Ta
Npp (cm=3-eV-1) 243 %102 243 %102
Npp (cm=3-eV-7) 2.50 x 1041 2.50 x 1021
Ngp (cm=3-eV-1) 0.80x 108 1.70x 108
Nga (cm=3-eV-1) 0.95 x 10" 0.98 x 109
Egp (eV) 1.29 1.29

Ega (eV) 0.77 0.77

R¢ (Q-um) 1.2x10% 0.8 x 104

value of 7.24 V/dec (decreased by 41%), and the suppre-
ssed fringe effect where uger gets decreasing from 2.82 to
1.15cm?/(V-s), in comparison with the correspondingly parame-
ters (2.34 x 103, 12.25 V/dec and 3.53 to 0.87 cm?/(V:s)) of the
undoped SnO, TFTs after the 30-min annealing.

To deeply understand fringe effect in the SnO, TFTs,
detailed simulations are conducted in Fig. 4, by using Atlas/
TCAD simulatorB, The three-dimensional geometry of the
SnO,-based TFTs is congruent with the experimental configura-
tion, with W/L = 1 and 20. And the channel length is fixed at

......
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Fig. 4. (Color online) Current (in A/cm?) distribution inside channel and fringe region of the SnO, TFTs with (a) W/L = 1 and (b) W/L = 20 in the on-
state (Vgs =—50V, Vps = —1V). (c) Simulated and measured transfer characteristics (Vps = —1 V) for the SnO, TFTs with and without doping.

30 m. The density of states (DOS) utilized to model the experi-
mental data include the acceptor-like Gaussian states, which
are located at 0.52 eV above the valence band minimum
(VBM), 9.0 x 10'® for SnO,:Ta and 9.5 x 108 cm~3-eV-! for
SnO,, along with donor-like Gaussian states (Ngp) at 1.29 eV
above the VBM with densities of 1.7 x 10'8 for SnO,:Ta and
0.8 x 10'8 cm—3-eV-! for SnO,. Donor-like tail states (Nyp) and
acceptor-like tail states (Nya) in bulk, source/drain contact
resistance (R¢) are also included in the modelB32, Moreover,
the interfacial tail states (D;), i.e. 3.25 x 10'2 and 4.25 x
102 cm~2-eV-' for SnO,:Ta and SnO, respectively, are also
taken into account for SnO,:Ta and SnO,, based on our experi-
mental extraction and the D;; maxima beforementioned. The
key parameters for TCAD simulations are detailly illustrated in
Table 3. The higher current inside the fringe region is pre-
sented in W/L = 1 (Fig. 4(a)), compared to that of W/L =
20 (Fig. 4(b)), validating the fringe effect inside the SnO, TFTs.
Furthermore, as W/L increases from 1 to 20, the mobility
decreases from 2.66 to 1.09 cmZ/(V-s) in the SnO,:Ta TFTs, and
from 3.80 to 0.91 cm?Z/(V-s) in the case of SnO,. This observa-

tion proves that Ta incorporation effectively suppressed
fringe effect within the film by promoting an increase in con-
tact resistance and reduction of defect states density.

To study the device stability, all the p-type MO TFTs are
measured under a negative gate bias of —20 V for varied
stress duration (0—-3600 s). The TFT transfer characteristics are
obtained under operation temperatures of 300 and 330 K, as
shown in Figs. 5(a) and 5(b). Threshold voltage shift (AVth) of
the SnO,:Ta TFTs has been improved from —2.47 to —1.76 V at
300 K (from —4.03 to —2.80 V at 330 K), in comparison to
those of the undoped SnO, TFTs. The lower AVth of SnO,:Ta
TFTs demonstrates the enhanced stability via Ta incorpora-
tion, and suggests that less defects are generated in the chan-
nel layer and interface regions during the bias stressing(33l. Cor-
respondingly, Fig. 5(c) illustrates /¢ as a function of stress dura-
tion. I, of the SnO,Ta TFTs maintain relatively low values,
regardless of the stress duration and temperature, proving
the enlarged band gap to suppress the intrinsic excitation
after Ta doping. Finally, environmental stability is shown in
Fig. 5(d). After being exposed in ambient for 30 days, the
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air.

AVth is 1.44 V for the SnO, TFTs and 0.71 V for the SnO,:Ta
TFTs. According the trend of AVth shift in the SnO,:Ta TFTs,
the superior stability can be maintained even after 100 days.
Here, the improved environmental stability and AVth in the
SnO,:Ta TFTs is primarily attributed to the reduced sur-
face defect states and roughness, which alleviate the abs-

orption of oxygen and water that deplete the electron carri-
ers(34.33],

4, Conclusion

To sum up, we demonstrate Ta incorporation into the p-
type SnO, film and transistors for the first time, and investi-
gate their semiconducting characteristics based on RF mag-
netron sputtering. Due to the introduction of Ta element, a
higher annealing temperature (270 °C) is needed for optimiz-
ing the film quality and electrical performance of the SnO,
TFTs. Through XRD and AFM characterizations, we have
observed the improved crystallinity and grain size in the SnO,
film upon Ta doping. And the reduction of defect density in

Y Song et al.: Improving electrical performance and fringe effect in p-type SnO, thin film transistors

the doped SnO,Ta films is demonstrated by XPS, C-V and
G-V measurements. Band gap of the SnO, film has been
widened from 1.29 to 1.98 eV via Ta incorporation. Electrical
performance of the SnO,:Ta TFTs, including the /4 (down to
10-2 A/um), on/off current ratio (2.17 x 104 and SS
(decreased by 41%, comparing to that of the undoped SnO,
TFTs), was impressively improved. As well, fringe effect has
been mitigated via Taincorporation, facilitating accurate mobil-
ity calculations in the SnO,-based TFTs. The SnO,:Ta TFTs
presents the obviously enhanced stability under NBS and
NBTS, and exhibit long-term stability upon environmental
exposure. This work provides an effective method to improve
electrical characteristics of the p-type SnO, TFTs by Ta dop-
ing, which can be helpful for their further exploration and
development.
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