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Transparent p-type SnO nanowires with unprecedented hole mobility among
oxide semiconductors
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Thuwal 23955-6900, Saudi Arabia

(Received 17 September 2013; accepted 5 November 2013; published online 25 November 2013)

p-type tin monoxide (SnO) nanowire field-effect transistors with stable enhancement mode

behavior and record performance are demonstrated at 160 �C. The nanowire transistors exhibit the

highest field-effect hole mobility (10.83 cm2 V�1 s�1) of any p-type oxide semiconductor processed

at similar temperature. Compared to thin film transistors, the SnO nanowire transistors exhibit five

times higher mobility and one order of magnitude lower subthreshold swing. The SnO nanowire

transistors show three times lower threshold voltages (�1 V) than the best reported SnO thin film

transistors and fifteen times smaller than p-type Cu2O nanowire transistors. Gate dielectric and

process temperature are critical to achieving such performance. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4833541]

Among field-effect transistors (FET), thin-film transistors

(TFTs), which employ a thin film layer of a semiconducting

material as the active layer, have been used for decades as a

crucial component in commercial displays.1–4 Polycrystalline

silicon (poly-Si) and amorphous silicon (a-Si) are widely used

materials to fabricate the switching/driving TFTs for active ma-

trix organic light emitting diode displays (AMOLED) and

liquid-crystal displays (LCD), respectively.1,2,5 Nevertheless,

there are intrinsic properties like their lack of transparency,

rigidity, low mobility (�1 cm2 V�1 s�1 for a-Si), or high proc-

essing temperature (poly-Si) that rules them out as alternatives

for future display technologies, especially for the emerging

transparent and flexible electronics.6,7 Great efforts have been

exerted recently in transparent transistor research to find semi-

conducting materials that can replace a-Si in backplane TFTs.

With transparent TFTs being the fundamental building blocks

of potential transparent electronics,8,9 the suitable candidate(s)

must have good optical transparency (>90% in the visible

range), high material stability, excellent device performance

(high carrier mobility, high on-to-off current ratio, moderate

carrier density, low threshold voltage, low sub-threshold slope),

and compatibility with existing TFT fabrication technologies.

Semiconducting metal oxides stand out as the most prom-

ising candidates for future display technologies and emerging

transparent electronics owing to their wide optical band gap

(Eg), chemical and mechanical stability, low temperature

processing, and excellent device performance. Fully transpar-

ent and flexible TFTs with excellent device performance have

been reported for different metal oxide semiconducting

films.7,8,10–12 Furthermore, nanowire (NW) field-effect transis-

tors based on n-type oxides such as ZnO, SnO2, In2O3, or

other binary and ternary oxides have been also demonstrated

to show even higher field-effect mobility (lFE) to that of

poly-Si (150 cm2 V�1 s�1)5,9,13–16 preserving the high optical

transparency and material stability. The high mobility values

reported for nanowire field effect transistors of different

materials have been attributed to confinement-induced effects.

Even though the exact mechanisms that produce higher mobil-

ity in nanowire FETs are not completely clear, Trivedi et al.
have shown how increased quantum confinement results in

high mobility p-Si nanobelts and nanowire transistors.17 They

have attributed their higher mobility values to a lower hole

effective mass dispersion as the channel shrinks in dimension,

i.e., holes with closer values of effective mass form the

channel. Ju et al. have also suggested that a reduction in

low-angle carrier scattering by the use of quasi-one dimen-

sional structures might be an important mechanism for mobil-

ity enhancement.5

Among the promising p-type candidates are cuprous ox-

ide (Cu2O) and stannous oxide (SnO), which have been dem-

onstrated as p-type active channel materials in TFTs

fabricated by several methods18–26 with the physical vapor de-

posited films exhibiting the best performance.19 The PbO-type

layered structure tin monoxide is now well known to be a

transparent p-type semiconductor27 with an indirect Eg� 2.7

to 2.9 eV.25,26,28 Its intrinsic p-type character originates from

the Sn2þ vacancy and with relatively high hole mobility attrib-

uted to the hybridized Sn 5s and O 2p orbitals near the valence

band maxima.27,28 The best reported mobility for TFTs fabri-

cated with pure SnO is 1.3 cm2 V�1 s�1,25 but it has recently

been demonstrated that excess Sn metal in the SnO films can

increase the mobility to above 6.0 cm2 V�1 s�1.29

Liao et al. have demonstrated p-type behavior in CuO

and poly crystalline Cu2O single NW-FETs grown by ther-

mal oxidation of copper foils at 500 �C (for CuO)30 and

further reduction in hydrogen gas for Cu2O conversion.31

Their devices exhibited field-effect mobility around 5 and

95 cm2 V�1 s�1, respectively. Despite the impressive lFE of

polycrystalline Cu2O NW-FET, its high threshold voltage

(VT)� 15 V, low Eg¼ 2.17 eV, and high processing tempera-

ture make it less attractive for future applications. In con-

trast, the fabrication of field-effect functional devices using

SnO nanoscale structures has not been yet demonstrated

even though synthesis of SnO structures like nanosheets,32

nanobelts,33 and nano-rectangle strips34 have been reported.

a)Author to whom correspondence should be addressed. Electronic mail:

husam.alshareef@kaust.edu.sa
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Here we demonstrate the fabrication of transparent SnO

nanowire field-effect transistors with stable and well-behaved

enhancement-mode p-type behavior, and a maximum linear

lFE¼ 10.83 cm2 V�1 s�1, VT��1 V, ION/IOFF ratio> 103 at a

record low temperature for active channel crystallization of

160 �C. The single NW back-gate FET structure is depicted in

Figure 1(a). Indium tin oxide (ITO)-coated glass is used as

transparent substrate while the 150 nm thick ITO layer is used

as a global gate. Atomic layer deposition (ALD)-derived

high-k (220 nm) HfO2 and ATO (a stacked multilayer of

Al2O3 and TiO2) are used as gate dielectrics. Electron beam li-

thography (EBL)-patterned SnO NW (from a 15 nm thick thin

film) are used as a p-type semiconducting active, and the stack

is completed by 8 nm Ti/ 80 nm Au source and drain (S&D)

electrodes. SnO films were deposited from a 2 in. metal Tin

target (99.99% purity) at an oxygen partial pressure (PO2) of

3.12� 10�2 Pa in an mixture of oxygen and argon gasses and

a DC constant power of 30 W achieving a deposition rate of

0.8 Å s�1. The single post-annealing treatment (150 �C,

160 �C, 170 �C) was performed after source and drain fabrica-

tion, in a tube furnace in air, in order to crystallize the SnO

NWs as well as to improve the S&D contact to SnO.

Top view scanning electron microscopy (SEM) image of

a NW-FET is shown in Figure 1(b) of a device with an effec-

tive channel length (L) of 5 lm and channel width (W)

defined by the planar NW width of 100 nm. SEM images of

the 200 nm and 500 nm devices are shown in Figure S1 of the

supplementary material.35 The as-deposited films are amor-

phous, but do crystalize after a post-annealing treatment in air,

in a tube furnace at temperatures as low as 160 �C. Figure 1(c)

shows X-ray diffraction (XRD) patterns of as-deposited amor-

phous and crystallized SnO films showing the presence of

single-phase tetragonal SnO. The optimized tin monoxide

layer is polycrystalline with an extracted crystallite size of

10–15 nm as confirmed by transmission electron microscopy

(TEM) analysis. The SnO films themselves are transparent

with an average optical transmission of 92% in the visible

region of the electromagnetic spectrum (400 nm–700 nm), as

shown in Figure S2 of the supplementary material.35 Figure

1(d) shows a cross-sectional TEM image of the stack, showing

the rectangular cross-sectional area of a 100 nm wide

EBL-patterned structure. Figure 1(e) corresponds to a high-

resolution TEM (HRTEM) image showing the polycrystalline

nature of the nanowire. Figures 1(f) and 1(g) show the fast

Fourier transformation (FFT) analysis of the SnO grains

observed in the HRTEM image showing the interplanar dis-

tance of 2.64 Å and 2.95 Å, consistent with the (110) and

(101) lattices of the tetragonal SnO phase.

Figure 2 shows the characteristic transistor curves for

the best performing devices, which correspond to FETs fab-

ricated using HfO2 as the gate dielectric and post-annealed at

160 �C. Figures 2(a)–2(c) show the output characteristics of

the 100 nm, 200 nm, and 500 nm NW-FET, respectively. No

current crowding at low drain-source voltage (VDS) is

observed, showing Ohmic contact with the Ti/Au source and

drain contacts. The well-behaved output curves exhibit a

clear pinch-off and current saturation for all the FETs when

operating in the negative VDS region. p-channel operation is

confirmed by the transfer characteristics shown in Figure

2(d) since drain-source current (IDS) increased in all the

tested devices when a negative gate-source voltage (VGS)

was applied at a fixed VDS¼�1 V. Multiple dual-sweep

IDS-VGS were obtained for several devices for each channel

geometry and all curves show comparable behavior, with

consistent on-off current ratio (ION/IOFF), sub-threshold

swing (SS), linear-region field-effect mobility (lFE), and

threshold voltage (VT) values.

Multiple dual-sweep characterization was performed fol-

lowing the recommendations by Wager,36 and it was found

that all the measured devices exhibit non-equilibrium, steady
state behavior: dual-sweep log (IDS)-VGS transfer characteris-

tics show hysteresis and retraceable positive-going and

negative-going behavior after multiple scans. IDS increased for

all FETs when a negative VGS was applied, exhibiting

enhancement-mode operation (IDS� 0 at VGS¼ 0) as shown in

FIG. 1. (a) Conceptual design of the fabricated devices (150 nm ITO gate

electrode/220 nm HfO2/ATO gate dielectric/EBL-patterned SnO nanowire

channel/8 nm Ti, 80 nm Au source and drain electrodes). (b) Top view scan-

ning electron microscopy image of fabricated device with channel length of

5 lm and channel width defined by the nanowire planar width of 100 nm;

(c) x-ray diffraction patterns of amorphous as-deposited SnO films and crys-

talline SnO films after annealing in air at 160 �C. The diffraction pattern of

tetragonal SnO (JCPDS Card No. 06-0395) is shown by the red bars; (d)

cross-sectional TEM image of the stack, showing the rectangular

cross-sectional area of a 100 nm wide EBL-patterned structure; (e) HRTEM

image of the SnO nanowire, viewed vertically. FFT analysis of the grains

observed in the HRTEM image showing the interplanar spacing of the (g)

(110) and (f) (101) lattices of tetragonal phase SnO.
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the output characteristics of Figure 2. The off-current is

<4� 10�10 A for all devices while the gate leakage is

<3� 10�10 A reflecting the good insulating properties of the

HfO2 gate dielectric. A maximum lFE of 10.83 cm2 V�1 s�1,

10.58 cm2 V�1 s�1, and 10.30 cm2 V�1 s�1 for the 100 nm,

200 nm, and 500 nm devices, respectively, with VT��1 V,

SS� 0.74 Vdec�1, and effective hysteresis density of

NHYS� 7.5� 1011 cm�2 was achieved for FETs annealed at

160 �C as extracted from the transfer characteristics displayed

in Figure 2(d).

The single phase SnO TFTs deposited at P¼ 1.8 mTorr

and 13% OPP showed more inferior performance compared

to the nanowire FET (lFE of 1.87 vs 10.83 cm2 V�1 s�1),

clearly demonstrating the effectiveness of nanoscaling.

Table I shows the important device parameters comparing

the NW FET and TFT devices fabricated with 15 nm thick of

the same single-phase SnO film and same gate (ITO) and

gate dielectric (HfO2) materials. It is clear from the data in

Table I that the 1-D structure (nanowire) results in substan-

tially improved device performance. The NW-FET has 5

times higher mobility, three time smaller threshold voltage,

which is also closer to zero (�3.66 V for TFT to around

�1 V for NW-FET), lower IOFF, and lower density of interfa-

cial trap states (Dit) extracted from the SS. Furthermore, the

NW devices show enhancement-mode operation in contrast

to depletion-mode behavior of TFTs. It is important to high-

light that the SS for the nanowire FET is one order of magni-

tude lower than the thin film device (7.65 Vdec�1 for the

TFT and 0.70 Vdec�1 for the NW-FET), which gives a clear

indication of the dramatic reduction in the density of interfa-

cial trap states for nanoscale channel dimensions. The reduc-

tion in the IOFF when compared to the TFTs indicates the

reduction of the surface defects (e.g., additional oxygen),

which is advantageous to maximize device performance.

Our optimized post annealing temperature for the best TFT

performance is 180 �C, but for the NW-FET, the best per-

formance is observed at 160 �C. This small temperature dif-

ference is crucial to avoid additional oxygen incorporation

into the film, and hence we get a better mobility. TFTs

annealed at 160 �C show very poor performance, most likely

attributed to the incomplete crystallization of the SnO chan-

nel. The higher annealing temperature of TFTs allows addi-

tional oxygen to go into the exposed SnO surface

contributing to an oxygen-rich surface and hence a higher

off current. The smaller dimensions of the SnO nanowires

allow their complete crystallization at lower temperature,

which in turn reduces the likelihood of an oxygen-rich sur-

face formation. The transfer characteristics of TFT and the

500 nm NW-FET are depicted in Fig. S3 of the supplemen-

tary material.35 In order to rule out narrow and short channel

effects in the nanowire FETs, at least 10 devices of each NW

width were tested showing consistent results.

The important FETs parameters are summarized in

Figure 3 as a function of NW width and post-annealing

FIG. 2. Output characteristics of (a)

100 nm, (b) 200 nm, and (c) 500 nm

nanowire transistors (NW-FETs),

respectively. (d) Transfer characteris-

tics of NW-FETs annealed at 160 �C as

a function of nanowire width when

using HfO2 as the gate dielectric.

TABLE I. Performance comparison of NW-FET and TFT devices fabricated

using the same single-phase SnO material.

NW FET TFT

100 nm 200 nm 500 nm W/L¼ 50� 50 lm

lFE (cm2 V�1 s�1) 10.83 10.58 10.30 1.87

VT (V) �1.06 �1.08 �1.20 �3.66

IOFF (A) 4� 10�10 4� 10�10 4� 10�10 1� 10�9

DVON (V) 1.99 2.07 2.03 3.61

SS (Vdec�1) 0.76 0.69 0.60 7.65

Dit (eV�1 cm�2) 4.45� 1012 4.00� 1012 3.43� 1012 4.82� 1013

NHYS (cm�2) 7.42� 1011 7.72� 1011 7.57� 1011 1.35� 1012
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temperature for devices fabricated using HfO2 as gate dielec-

tric. Output and transfer characteristics are shown in Figure

S4 of the supplementary material.35 At 150 �C SnO is not

completely crystallized (as shown in TEM, Fig. S5 (Ref.

35)), so the devices show a rather modest lFE (Fig. 3(a)),

positive VT (Fig. 3(b)), large SS (Fig. 3(c)), and high NHYS

(Fig. 3(d)). The last two parameters reflect a high density of

trap states in the SnO channel (SS) and the SnO/HfO2 inter-

face (NHYS), which significantly reduces as the annealing

temperature increases. At 160 �C and 170 �C, SS reduces

from around 11 Vdec�1 at 150 �C to an average of 0.74

Vdec�1 (Fig. 3(c)), showing that once the active layer is

completely crystallized the SnO/HfO2 interface is of rela-

tively high quality. This statement is confirmed in Fig. 3(d),

where the NHYS is nearly the same for all devices annealed at

160 �C and 170 �C. Nevertheless, the mobility and threshold

voltage degrades at temperatures higher than 160 �C, as

observed for devices annealed at 170 �C. The devices con-

vert to weak n-type conduction when annealed at 180 �C (not

shown) and mainly attributed to the oxygen disproportiona-

tion mechanism37 in which the incorporation of excess oxy-

gen into SnO causes a transformation to an oxygen-deficient

SnO2 phase. In summary, at 150 �C the SnO NWs are not

completely crystallized, at 160 �C they show the best p-type

performance, at 170 �C they are affected by additional oxy-

gen incorporation, and at 180 �C they exhibit weak n-type

conduction as summarized in Figure 3(e).

Figure 4 compares the important FET parameters for

devices fabricated at the best performance condition when

using HfO2 and ATO as gate dielectric. lFE on ATO is

around half of the lFE on HfO2 while there is no clear trend

on VT as shown in Fig. 4(a). The ION/IOFF ratio is in general

one order of magnitude higher on HfO2 (103) as shown in

Fig. 4(b). The gate leakage current of ATO is as high as

3� 10�9 A, which significantly affects the device off cur-

rent, thus reducing the ION/IOFF ratio. Figure 4(c) shows the

huge difference in the SS for both dielectrics, indicating a

much better interface formation between the SnO and HfO2,

which is also confirmed by the lower NHYS (Fig. 4(d))

extracted from devices fabricated on HfO2. Despite the fact

that these two high-k oxides have comparable dielectric con-

stant (�14 for HfO2 and �15 for ATO, and similar Cox was

used), the low VT, SS, and NHYS of devices fabricated on

HfO2 compared to the higher variability of VT as a function

of NW width, higher SS, NHYS, and gate leakage current of

devices on ATO shows that SnO/HfO2 interface is more suit-

able for maximizing device performance. The relatively

poorer performance on ATO seems to arise from the higher

FIG. 3. Important NW-FET parameters measured as a function of nanowire width and anneal temperature: (a) field-effect mobility (lFE); (b) threshold voltage

(VT); (c) subthreshold swing (SS); (d) effective hysteresis density (NHYS). All devices shown here were fabricated using HfO2 gate dielectric. (e) Process map

depicting process conditions where p-type conduction is observed in SnO NW FETs.

FIG. 4. Effect of gate dielectric material on the performance of NW-FETs

fabricated at the optimum anneal temperature (160 �C). (a) Field-effect mo-

bility (lFE) and threshold voltage (VT); (b) subthreshold swing (SS); (c) on-

to-off current ratio (ION/IOFF); (d) effective hysteresis density (NHYS).
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density of trap states at the SnO/ATO interface as well as

from the degradation of ATO during the fabrication process

caused mainly by e-beam exposure during the active

patterning.

We have demonstrated the fabrication of transparent

p-type SnO NW-FETs with unprecedented performance at

low process temperatures (160 �C). The SnO NW-FETs

exhibit the highest reported field-effect hole mobility

(10.83 cm2 V�1 s�1) of any p-type oxide semiconductor proc-

essed at such low temperature. Compared to thin film transis-

tors (TFTs) using the same SnO film, the NW-FETs exhibit

five times higher mobility and one order magnitude lower

subthreshold slope. In addition, the SnO nanowire FETs

show exceptionally low threshold voltages (��1 V), which

is nearly three times smaller than the thin film device. We

have also shown that the use of HfO2 as gate dielectric

increases SnO nanowire device mobility due to a better

dielectric/semiconductor interface with reduced trap states.

J. A. Caraveo-Frescas thanks Weisheng Yue and Basil

Chew from KAUST nanofabrication facility for their support

on e-beam lithography and Qingxiao Wang for TEM

imagining.
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