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P-type thin-film transistors (TFTs) using room temperature sputtered SnO, (x <2) as a transparent
oxide semiconductor have been produced. The SnO, films show p-type conduction presenting
a polycrystalline structure composed with a mixture of tetragonal B-Sn and «@-SnO, phases,
after annealing at 200 °C. These films exhibit a hole carrier concentration in the range of

~10°-10"8 cm™3; electrical

resistivity  between

10'-10> Q cm; Hall mobility around

4.8 cm?/V s; optical band gap of 2.8 eV; and average transmittance ~85% (400 to 2000 nm). The
bottom gate p-type SnO, TFTs present a field-effect mobility above 1 cm?/V s and an ON/OFF
modulation ratio of 10°. © 2010 American Institute of Physics. [doi:10.1063/1.3469939]

Although the performance achieved with oxide transis-
tors processed at low temperature (7) exceeds far beyond the
one obtained with amorphous silicon and organic semicon-
ductors, the oxides reported in the literature are mostly lim-
ited to n-type device applications,]_6 since there is a lack of
p-type oxide semiconductors. This confines the field of ap-
plication of oxide semiconductors solely to unipolar (n-type)
devices, inhibiting the fabrication of complementary metal
oxide semiconductor (CMOS) based devices.

In spite of the recent p-type oxide thin-film transistors
(TFTs) developments, the results achieved so far refer to
devices processed at T7>575 °C limited by a low hole (h)
mobility.7’8 The valence band maxima (VBM) of oxide semi-
conductors are mainly formed from localized and anisotropic
O 2p orbitals, which lead to a low /& mobility due to a
percolation/hopping conduction.” However, if we consider
the case of stoichiometric/nonstoichiometric SnO,, whose
structure is associated with the presence of divalent tin,
Sn(II), in a layered crystal structure with a Sn—O-Sn se-
quence and a van der Waals gap between Sn layers, where O
atoms are tetrahedrally bonded to Sn ones,1 this can be
changed. In this case the higher-energy region of VBM con-
tains Sn S5, Sn 5p, and O 2p components nearly equally
but very near the VBM the contributions of Sn 5s and O 2p
are predominant and can lead to an enhancement in 4 mobil-
ity. This is advanta%eous in reducing the localization of the
valence band edge,1 since the O 2p component is relatively
small and the states near the conduction band minimum are
mainly formed by Sn 5p. Under this condition we expect
that the hole transport requires structures mainly dominated
by a-SnO, with some embedded SB-Sn cations in which
VBM is made of pseudoclosed ns? orbitals to form hybrid-
ized orbitals,'? as indicated in Fig. 1. The origin of p-type
conductivity of SnO, is mainly attributed to Sn vacancies
and O interstitials,” that when fully ionized, (respectively,
V- and OF") produce band deformation close to the top of
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VBM with the formation of acceptor like band states, which
for T>0 K are partly filled by electrons coming from VBM,
according to the quasichemical stoichiometric reactions as
follows:'*  SnO« Sn**+2Vg, +(1/2)0,, or SnO« Sn**
+Vi+(1/2)0,, or SnO«Sn* + Vg, +07 +(1/2)0,+V,",
giving rise to the formation of two holes (2k), without or
with the formation of an oxygen vacancy (V,"). Here we
have to take into account that Vg, form easier than O; in most
densely packed structures. Thus, we expect that the p-type
conductivity in a-SnO, is mainly originated by Vg, as dem-
onstrated by Togo et al.”® This localized band formation sets
the conduction mechanism, as suggested by the SnO layered
crystal structure.® If there is excess oxygen in the film, some
cations will be transformed into Sn** to maintain charge neu-
trality. This process can be considered as Sn** capturing a h
and forming weakly bonded holes.

Reports of p-type TFTs are scarce in literature. There are
only two recent works employing g—type oxide semiconduc-
tors, with Cu,O (Ref. 7) and SnO.” In both works the semi-
conductor oxide was grown at 7>575 °C. In this work we
report p-type a-SnO, TFTs deposited by reactive rf sputter-
ing at room temperature followed by annealing at T
=200 °C. The deposition pressure (Pn+Po) and the rf
power used were 0.2 Pa and 50 W, respectively. To evaluate
the optimal growing conditions for p-type SnO, films, the
oxygen partial pressure (Opp=Pq /Ps+Po ) was varied be-
tween 0% and 40%. XRD experiments were performed in

Tin cation (4°) Tin cation (2°)
5 ﬁ Bottom of 5 ﬂ -«— Bottom of
2 conduction band e Energy conduction band
w “ gap
Energy gap Top of
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* ,,valence band
s V— 0P Of
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(2p°) (4d"5s%) e 2p%)
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FIG. 1. (Color online) Comparison between the band structure of SnO, and
SnO. In the case of SnO the top of the valence band consist of hybridized
orbital of O 2p and Sn S5s.

© 2010 American Institute of Physics
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FIG. 2. (Color online) X-ray diffraction patterns for a SnO, films produced
with a Opp between 7.1% and 21.7%, as-deposited and annealed at 200 °C
in air atmosphere, with a thickness of 200 nm deposited on a glass substrate.
The inset shows the crystal structure of tin (II) oxide (Ref. 18) showing the

layered structure of SnO and the wide-stretched open space between the
Sn—O-Sn layers.

grazing incidence geometry using Cu K, , lines, while opti-
cal measurements were performed with a double beam spec-
trophotometer in the wavelength from 200 to 2500 nm. Elec-
trical transport properties were examined by Hall Effect and
conductivity (o) measurements as a function of T.

Bottom-gate TFTs were fabricated using 30 nm thick
a-Sn0, films as semiconductors, while the gate dielectric
was a stacked multilayer of Al,05 and TiO, (ATO) (Ref. 15)
with 220 nm thick deposited on a glass coated with a 200 nm
thick indium tin oxide film, acting as gate electrode. For the
source-drain electrodes Ti/Au (8/50 nm thick) films were
e-beam evaporated. The semiconductor and the source-drain
electrodes were patterned by lift-off and the TFTs present a
width-to-length ratio (W/L) of 1.2, with L=40 um. The fi-
nal devices were annealed at 200 °C for 1 h in air and the
electrical characterization was performed with an Agilent
4155C semiconductor parameter analyzer and a Cascade Mi-
crotech M 150 microprobe station.

For 7% <0,,=11.5% the as-deposited films are amor-
phous, turning polycrystalline after annealing, as shown in
Fig. 2. A mixture of both tetragonal 8-Sn and a-SnO phases
is observed, being caused by the incomplete Sn oxidation
or/and metal segregation due to oxygen disproportionation.16
SnO generally crystallizes in a tetragonal structure but de-
pending on the conditions of preparation it may also crystal-
lize in an orthorhombic phase.”’18

Figure 3 shows the dependence of the electrical resistiv-
ity (p) on O, for as-deposited and annealed films. As O,
increases p also increases and two different electronic con-
duction behaviors are observed after annealing, depending
on the O, range. As-deposited a-SnO; films exhibit n-type
conductivity but after annealing at 7=200 °C the films with
5% < Op,<15% present p-type characteristics, as confirmed
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FIG. 3. Dependence of p measured by four-point probe on O, for as-

deposited and annealed SnO, films. The dashed line represents the electrical
resistivity of metallic Sn.

by Hall effect measurements, where the carrier concentration
(N) can be adjusted between ~10'¢ and 10'® cm™, corre-
sponding to a maximum Hall mobility (uy) of 4.8 cm?/V s.
The p-type characteristics are also confirmed by thermoelec-
tric measurements, where a positive Seebeck coefficient is
obtained. This is caused by the fact that for the O, range
mentioned above the p-type conductivity (o) is controlled by
ionized Vo, or Vs, acting as acceptors, while for higher O,
the n-type behavior is due to the existence of Sn atoms in
interstitials and Vo.lgf22 For O,,<5% a metallic behavior is
observed, with p=~4.4X 107 Q cm, typical of metallic Sn
(1.2X 107 Q cm). In fact, x-ray data confirm that for Opp
<5% [3-Sn is the predominant phase. As also observed by
other authors® p-type SnO, is only obtained at a narrow re-
gion of growth conditions, since SnO, is formed for higher
O,p, Whereas metallic Sn precipitates at lower O,,,. Since the
growth of SnO requires a reducing atmosphere and the vapor
pressure of SnO and Sn is high, the deposition at room tem-
perature can be a promising advantage, since inhibits the
re-evaporation of deposited thin films.

Figure 4 shows the Arrhenius plots for samples pro-
cessed with Opp=7.1% and Opp=11.5%, which do not fol-
low a simple thermally activated transport mechanism. The
data could be fitted by a model with two conduction regimes:
one at high temperatures (T=200 K), controlled by a broad
acceptor band located at energy E,>VBM and partially as-
sisted by phonons (E,,;,) and another one at low tempera-
tures, where the transport is fully governed by phonons as-

T —— . i i
O, (%): <

— —0—7.0 “n-’
N 2L -m--115 3 |
g 10 z

- g

2 = k!

LA " 3

2 100 ", 022 024 02 028
S 107 w2 e

© i -

S semiconductor -

2 |

Q 10*} gap ]
(&)

s Al electrodes
10° L . 1 | |
2 4 10

6 ; 8
1000/T(K™)

FIG. 4. (Color online) Dependence of ¢ on 7! for samples fabricated at
Opp=7% and Opp=11.5%. The top right inset shows the o-T"* plot for
the same samples. The bottom left inset shows the planar gap cell configu-
ration used for the conductivity measurements.
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FIG. 5. (Color online) Output characteristics (Ips-Vpg) for p-type TFTs
working in enhancement mode, where SnOj is produced with (a) O,,=7.0
and (b) O,,=11.5%. (c) Transfer characteristics (|Ipg-Vgs). left axis and
leakage current (|Igs-Vgg|), right axis, for SnO, TFTs annealed in air at
200 °C, where SnO, is produced with O,=7.0 and 11.5%. The inset shows
the |Ipg-Vggs| plots represented in linear scale, for V; extraction.

sisting the conduction mechanism,”
following formula:

(E+E

translated by the

o = ope Lt Eop)ksT 4 i Fopi/ksT) (1)

where oy and oyy are the pre-exponential factors of the
two conduction pathways referred above and kjp is the Bolt-
zmann constant. Under this condition we estimate E,
=0.10-0.90 eV while E,,,,=0.05-0.03 eV, which agrees
with the Mott model®® where there exists a localized disor-
der. However, better straight lines are obtained in the log o
versus T-"# plot (inset in Fig. 4), presumably not related to
variable-range hopping but rather to percolation conduction.
In this case, the random distribution of Sn** ions modulates
the electronic structure around the valence band edge and
may form statistical potential barrier distribution with 0.10
eV high and a few tens of meV width, agreeing with the
values predicted by Kamiya et al’

Figures 5(a) and 5(b) show the output characteristics of
two a-SnO, TFTs produced with O,,=7.0 and 11.5%, after
annealing in air at 200 °C. The devices show different be-
haviors, as expected, with clear linear and saturation regions
and do not present significant current crowding for low Vg,
indicating low series resistance in source-drain contacts with
SnO,. Figure 5(c) shows the transfer characteristics with
Vps=—1 V for the same devices. The right axis shows the
leakage current (Igg) and the obtained value is quite low
(<0.1 nA) for the Vg range used, showing that ATO pro-
vides good insulating properties even for large negative bias.
The ON/OFF ratio of both devices is 10°, the field-effect
mobility (upg, calculated by the transconductance in the lin-
ear regime) is between 1.1 and 1.2 cm?/V s, while the V;
was varying between —5 and —12'V, for an O, of 7.0% and
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11.5%, respectively, mainly due to the increase in interface
states between the gate insulator and the semiconductor.
Here wpg < uy, which is explained by hole traps at the insu-
lator interface or by defects in the band gap near VBM.

We have demonstrated the possibility to produce trans-
parent p-type a-SnO, semiconductors by reactive magnetron
sputtering without intentional substrate heating, after a low T
annealing at 200 °C. The a-SnO, films are polycrystalline
presenting a mixture of both tetragonal -Sn and a-SnO
phases. The p-type conductivity is obtained for a narrow O,
range, (5%—15%), where these films exhibit 10'® cm™ <N
<10"™ cm™, 10" Q cm<p<10? Q cm, reaching a maxi-
mum of uy=~4.8 cm?/V s. The bottom gate p-type a-SnOy
TFTs with channel layer thickness of 30 nm are 85% trans-
parent in the visible range of the electromagnetic spectrum,
presenting upg=~1.1-1.2 ¢cm?/V s and an ON/OFF ratio of
10°.
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