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Pentacene organic thin-film transistors (OTFT) using high-k LaTiON gate dielectric with different

Ti contents are investigated. The LaxTi(1-x)ON films (with x¼ 1, 0.87, 0.76, and 0.67) are deposited

by reactive sputtering followed by an annealing in N2 at 200 �C. The OTFT with La0.87Ti0.13ON

can achieve a high carrier mobility of 2.6 cm2/V�s, a small threshold voltage of �1.5 V, a small

sub-threshold swing of 0.07 V/dec, and a small hysteresis of 0.17 V. AFM and X-ray photoelectron

spectroscopy reveal that Ti can suppress the hygroscopicity of La oxide to achieve a smoother

dielectric surface, which can result in larger pentacene grains and thus higher carrier mobility. All

the devices show a clockwise hysteresis because both the LaOH formation and Ti incorporation

can generate acceptor-like traps in the gate dielectric. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4993157]

Owing to their potential applications in flexible devices

such as large-area flexible displays and flexible sensors,

organic thin-film transistors (OTFTs) have been extensively

studied recently.1,2 Although the characteristics of OTFTs

have been deeply explored in the past, the performance and

operating voltage of OTFTs still require further improvements.

Pentacene OTFTs with gate dielectric like SiO2 or PMMA

could achieve high carrier mobility (�1 cm2/V s) but with a

relatively large threshold voltage (>5 V).3,4 Thinner dielectric

film can reduce the operating voltage at the expense of higher

gate leakage current. Therefore, to achieve both low leakage

current and small threshold voltage, high-k dielectric materials

need to be employed. The performance of OTFT strongly

depends on the quality of high-k dielectrics. Researchers have

explored various high-k dielectric materials for use in penta-

cene OTFTs and their carrier mobility varied from 0.031 to

1.14 cm2/V�s.5,6 Recently, it has been reported the addition of

elements such as Nb and Zr could suppress the hygroscopicity

of La-based oxides and improve their k-value. LaHfO and

LaNbO were used as gate dielectric for high-performance pen-

tacene OTFTs, which showed high carrier mobility, small

threshold voltage, small hysteresis, and small sub-threshold

swing (SS).6,7

Ti incorporation in gate dielectric has been explored in the

past years due to the extremely high k value of Ti oxide

(�80).8 However, due to the small bandgap of TiO2 (�3.2 eV),

Ti incorporation could increase gate leakage and introduce traps

into the hybrid dielectric.9,10 On the other hand, although

La2O3 has a larger band gap (�6 eV), it is hygroscopic, thus

easily forming hydroxide with moisture.6,11–13 As a result,

incorporation of Ti in La oxide allows the two metal elements

to complement each other: La can greatly passivate the traps in

TiO2 while Ti can suppress the hygroscopicity of La oxide and

increase its k-value. Therefore, in this work, with an attempt to

combine the advantages of La2O3 and TiO2, LaxTi(1-x)ON films

with different Ti contents are prepared by sputtering and used

as the gate dielectric of pentacene OTFT. With a Ti content

(1-x) of 13%, high-performance pentacene OTFT with high

carrier mobility and small threshold voltage can be obtained.

Initially, the standard RCA method was applied to clean

the silicon wafers (nþ-type, h100i, resistivity¼ 0.005 X�cm) fol-

lowed by dipping the wafers in 5% hydrofluoric acid to remove

the native oxide on the silicon surface. Then, 40-nm LaxTi(1-

x)ON (with x¼ 1, 0.87, 0.76, and 0.67) films were deposited on

the wafers as gate dielectric by a sputterer (Denton Vacuum

LLC Discovery 635) in an Ar/O2/N2 ambient. La2O3 and Ti tar-

gets were co-sputtered with a RF power of 30 W for La2O3 and

different DC currents (0, 0.04, 0.07, and 0.10 A) for Ti (denoted

as samples A, B, C, and D, respectively). The flow rate of Ar/

O2/N2 was fixed at 24:3:6 sccm during the deposition. Then,

annealing at 200 �C was carried out for all the samples in N2 for

20 min. Next, 40-nm pentacene (99% purity, purchased from

Luminescene Technology Corp.) was deposited on the dielec-

trics by an evaporator (Angstrom Engineering Nexdep) at a

pressure of 4.9� 10�6Torr, with the substrate at room tempera-

ture. The deposition rate was 1.2 nm/min monitored by a quartz-

crystal oscillator. Finally, gold was evaporated on the pentacene

film to form source and drain electrodes by using a shadow

mask with a channel of 100lm in width and 40lm in length.

The gate-dielectric capacitance per unit area (Cox) of the

OTFTs was obtained by measuring capacitors fabricated by

lithography method with a structure of Al/LaxTi(1-x)ON/nþSi

using HP 4284A precision LCR meter. The I-V characteris-

tics of the OTFTs were measured by HP 4145B semiconduc-

tor parameter analyzer. The dielectric thickness (tox) was

determined by a Wvase 32 ellipsometer. All measurement

processes were carried out in air at room temperature. The

surface morphologies of the dielectric and pentacene films

were measured by a Veeco multi-mode scanning probe

microscope while X-ray photoelectron spectroscopy (XPS)

was applied to analyze the physical properties of the dielec-

tric films.
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XPS results show that the atomic ratio of La/(LaþTi) is

100%, 87%, 76%, and 67% for samples A, B, C, and D,

respectively. Figure 1 is the XPS spectrum of O 1s for the

dielectric films with different Ti contents. The binding

energy for La-O, La-OH and Ti-O is 529.1 eV, 531.3 eV, and

529.8 eV, respectively. According to Fig. 1, it is clear that

sample A without Ti-incorporation has the largest amount of

La-OH bonds due to the absorption of the moisture in the air.

With increasing Ti content in the dielectric, the amount of

La-OH is reduced significantly. In the XPS spectrum of Ti

3p shown in Fig. 2, the binding energy of the peak shifts to

higher value from sample B to sample D with increasing Ti

content because owing to the higher electronegativity of Ti

(1.54) than La (1.1), increasing the Ti content can generate

more oxygen vacancies as acceptor-like traps. In the XPS

spectrum of La 3d shown in Fig. 3, the binding energy of the

peak first shifts to lower value from sample A to sample C

with increasing Ti content, supporting the hygroscopicity

suppression by Ti incorporation. However, the peak of sam-

ple D moves back to higher energy, further supporting the

generation of oxygen vacancies by the Ti incorporation.

Surface roughness is a key factor in affecting the penta-

cene growth and thus device performance. Smoother surface

has fewer nucleation sites for pentacene growth to result in

larger pentacene grains and thus higher carrier mobility. La

oxide can absorb the moisture in the air to expand non-

uniformly, thus producing a rougher surface.11 The incorpo-

ration of Ti can reduce the hygroscopicity of La oxide (see

the XPS spectrum in Fig. 1), and thus the surface roughness

FIG. 1. XPS spectrum of O 1 s for

LaxTi(1-x)ON film with: (a) x¼ 1, (b)

x¼ 0.87, (c) x¼ 0.76, and (d) x¼ 0.67.

FIG. 2. XPS spectrum of Ti 3p for LaxTi(1-x)ON film with: (a) x¼ 0.87, (b)

x¼ 0.76, and (c) x¼ 0.67.

FIG. 3. XPS spectrum of La 3d for the samples LaxTi(1-x)ON film with: (a)

x¼ 1, (b) x¼ 0.87, (c) x¼ 0.76, and (d) x¼ 0.67.
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of the dielectric, as supported by the roughness values mea-

sured by AFM shown in Table I. All the three samples

with Ti incorporation have smaller dielectric-surface rough-

ness than sample A with pure LaON as gate dielectric, and

the surface roughness decreases with increasing Ti content

due to lower hygroscopicity of the dielectric. Since the high-

est processing temperature was only 200 �C [much lower

than the crystallization temperatures of TiO2 (above 600 �C
in rutile phase and 350 �C in anatase phase) and La2O3

(400 �C)14,15] and nitrogen incorporation can raise crystalli-

zation temperature,16,17 oxide crystallization should have lit-

tle effect on the surface roughness.

The AFM images of 40-nm pentacene films deposited

on the dielectric films are shown in Fig. 4. The pentacene

grain size first increases with Ti incorporation but then

decreases as Ti content further increases. This phenomenon

could be explained as follows. As mentioned earlier, Ti

incorporation can suppress the hygroscopicity of La oxide to

produce a smoother dielectric surface, thus resulting in larger

pentacene grains grown on the dielectric. However, with

increasing Ti content, the dielectric has more Ti-related

traps, which provide more nucleation sites, thus leading to

smaller pentacene grains.10,18 Smaller pentacene grains

increase the grain-boundary-induced scattering on charge

carriers and so reduce the carrier mobility.19 This relation

will be later supported by the electrical characteristics of the

OTFT’s.

The transfer characteristics of the OTFTs are shown in

Fig. 5. The forward (off-to-on) sweep is measured

fromþ1 V to �5 V and the reverse (on-to-off) sweep is mea-

sured from �5 V toþ1 V. The pause time between the two

sweeps is negligible. Hysteresis DVT is defined as VT of

reverse sweep minus that of the forward sweep. For field-

effect transistors, carrier mobility and threshold voltage are

important parameters to judge its performance.

The carrier mobility l is the average charge-carrier drift

velocity per unit electric field. In the saturation regime of

p-type OTFT and based on formula (1), the carrier mobility

can be obtained as (2),20,21 where Cox is the dielectric capaci-

tance per unit area, Id the saturation current, VT the threshold

voltage, W the channel width, L the channel length, and VG

the voltage applied to the gate electrode. Therefore, the car-

rier mobility can be extracted from the slope of the linear

region in the curve
ffiffiffiffi
Id

p
versus VG

Id ¼ �
WCoxl

2L
VG � VTð Þ2; (1)

l ¼ 2L

WCox

@
ffiffiffiffi
Id

p

@VG

� �2

: (2)

The subthreshold swing (SS) is to measure the speed of

device switching between OFF-state and ON-state in the

region of exponential Id increase with VG, and defined as

SS ¼ dVG

d log10Idð Þ
: (3)

Its value is extracted by fitting 3 points on the steepest part

of the curve (excluding the point with the lowest current, i.e.,

off current Ioff). Assuming that the densities of deep bulk

trap and deep interface trap are independent of trap energy,

the trap density at/near the pentacene/dielectric interface (Nt)

can be calculated from SS as6

Nt ¼ Cox

e

e� SS

kT ln 10
� 1

� �
; (4)

where e is the electron charge and T the absolute temperature.

The main parameters of the samples extracted from their

Id vs. VG curve are summarized in Table I, where the values

are the median values based on about 20 devices. Sample B

(with La0.87Ti0.13ON as gate dielectric) exhibits the highest

carrier mobility of 2.6 cm2/V�s, which is about 1.4 times

higher than that of sample A with pure LaON as gate dielec-

tric. This should be due to its largest pentacene grain size

(see Fig. 4), which is attributed to (1) smoother dielectric

TABLE I. Main parameters of pentacene OTFTs with different Ti contents.

Sample A B C D

La/(TiþLa) (%) 100 87 76 67

l (cm2/V�s) 1.9 2.6 2.1 1.1

VT (V) �1.6 �1.5 �1.3 �0.96

DVT (V) 0.37 0.17 0.76 0.93

SS (V/dec) 0.10 0.07 0.13 0.30

Nt (cm�2 eV�1) 8.9 � 1011 2.6 � 1011 2.0 � 1012 7.6 � 1012

Id (lA) at VD ¼ �3 V,

VG ¼ �5 V

4.88 6.67 7.68 5.6

Ioff (A) 3.5 � 10�11 1.1 � 10�11 6.6 � 10�11 1.2 � 10�9

On/off current ratio 1.4 � 105 6.1 � 105 1.1 � 105 0.05 � 105

Cox (lF/cm2) 0.21 0.24 0.27 0.30

tox (nm) 42 40 43 43

k 10 11 13 14

Dielectric

roughness (nm)

0.60 0.35 0.34 0.31

FIG. 4. AFM image (5 lm� 5 lm) of pentacene film on LaxTi(1-x)ON: (a)

sample A with x¼ 1, (b) sample B with x¼ 0.87, (c) sample C with

x¼ 0.76, and (d) sample D with x¼ 0.67.
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surface (see Table I) induced by the Ti incorporation, (2) lit-

tle traps generated by light Ti incorporation as supported by

smallest Nt in Table I. The SS values of sample A and sample

B are 0.10 V/dec and 0.07 V/dec, respectively, with the for-

mer larger than the latter by 30%. The samples C and D

show a SS of 0.13 V/dec and 0.30/dec, respectively. Owing

to the improved dielectric quality, sample B also has the

smallest SS and DVT. With higher Ti incorporation in sam-

ples C and D, the hygroscopicity of their gate dielectrics is

further suppressed, resulting in less non-uniform dielectric

expansion and thus a smoother dielectric surface, as sup-

ported by the surface roughness in Table I. However, the Ti-

related traps also increase as reflected by a larger SS value in

Table I. Therefore, with increasing Ti content, the carrier

mobility initially increases (due to larger pentacene grains

and smoother dielectric surface) but then decreases because

more generated traps can increase the trap-related carrier

scattering and also cause smaller pentacene grains.

Moreover, as shown in Table I, the threshold voltage

decreases with increasing Ti content because the Ti incorpo-

ration increases the k value of the gate dielectric due to the

high k-value of Ti oxide (�80).

Hysteresis is due to the traps near the pentacene/dielec-

tric interface. The change in threshold voltage (DVT) due to

hysteresis can be extracted from the forward and reverse

sweeps of the transfer characteristics. In Fig. 5, all the sam-

ples exhibit a clockwise hysteresis. Sample A with LaON

dielectric has a DVT¼ 0.37 V, which should be attributed to

hydroxyl ions (OH) formed by the hygroscopicity of La

oxide, trapping electrons during the forward sweep.22 With

increasing Ti content, the hysteresis first decreases but then

increases. This should be due to the fact that the Ti incorpo-

ration suppresses the hygroscopicity of La oxide and thus the

formation of hydroxyl ions. However, further increase in Ti

content could generate more Ti-related acceptor-like traps,

thus resulting in an increase of hysteresis.10 Due to the

hygroscopicity of La oxide, LaOH is formed with OH as

acceptor-like trap, which can become negatively charged

after capturing an electron in the dielectric. During the off-

to-on sweep, electrons are injected from the gate electrode

into the dielectric and captured by the acceptor-like traps in

the dielectric. Upon the on-to-off sweep, some trapped elec-

trons still remain in the dielectric, and so produce a shift of

the threshold voltage in the positive direction.

Figure 6 shows the carrier-mobility distribution, and the

colors represent the ranges of mobility value while the height

indicates the quantity of corresponding devices. It is obvious

that the uniformity of sample A (with pure LaON) is the

worst among all the samples due to the strongest moisture

absorption and subsequent non-uniform expansion of its rele-

vant dielectric film. Moreover, sample B statistically shows

the highest carrier mobility.

This work has explored pentacene OTFT using LaxTi(1-x)

ON as high-k gate dielectric with different Ti contents. The

dielectric films were deposited by co-sputtering of Ti and

FIG. 5. Transfer characteristics of the

OTFTs: (a) sample A, (b) sample B,

(c) sample C, and (d) sample D.

FIG. 6. Carrier-mobility distribution of the OTFTs.
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La2O3 targets in an Ar/O2/N2 ambient. The Ti incorporation

in La oxide can suppress its hygroscopicity to produce a

smoother dielectric surface and thus larger pentacene grains,

which can improve the carrier mobility. However, with

increasing Ti content, Ti-related acceptor-like trap increases

to reduce the carrier mobility. Therefore, by varying the Ti

content in the gate dielectric, the pentacene OTFT with

LaxTi(1-x)ON around x¼ 0.87 as dielectric can achieve the

highest carrier mobility (2.6 cm2/V�s), the smallest SS
(0.07 V/dec) and smallest hysteresis (DVT ¼ 0.17 V).
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