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Systematic Studies on Low-Voltage Pentacene Thin-Film
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Gate Dielectric

D. K. Hwang,* Wonjun Choi,” Jeong-M. Choi,” Kimoon Lee,* Ji Hoon Park,’
Eugene Kim,” Jae Hoon Kim,* and Seongil Im™*

“Institute of Physics and Applied Physics, Yonsei University, Seoul 120-749, South Korea
I’Department of Information and Display, Hongik University, Seoul 121-791, South Korea

We report on the fabrication and characterization of pentacene based thin-film transistors (TFTs) with low-k poly-4-vinylphenol
(PVP)/high-k yttrium oxide (YO,) bilayer gate dielectrics of various thickness combinations, for the thin-PVP layers (45, 70, and
140 nm) and for the thin YO, (50 and 100 nm). Neither YO, nor thin-PVP single layer film alone can properly function as a
dielectric layer due to their very high leakage current. However, our bilayer films of six different thickness combinations (among
which the thinnest was PVP/YO, = 45/50 nm while the thickest was PVP/YO, = 140/100 nm) all exhibited quite a good dielec-
tric strength of ~2 MV/cm, based on our maximum leakage current standard of 10°® A/cm? All pentacene TFTs with the
PVP/YO, bilayer gate dielectric films successfully demonstrated good TFT characteristics at an operating voltage less than =5 V.
In particular, two of our devices studied here with the bilayer combinations (45 nm thin PVP on 50 nm and 100 nm thick YO,)
exhibited good device performance with field effect mobilities (1.74 and 1.05 cm?/V s) and an on/off current ratio of ~10*. We
also demonstrate a resistance-load inverter operating below —5 V with a load resistance (R;) of 22 M) connected to our

pentacene TFT with a PVP (45 nm)/YO, (100 nm) layer.
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Organic electronics has been a subject of active research over the
last few decades. In particular, organic thin-film transistors (OTFTSs)
have been extensively investigated due to their potentials for prac-
tical applications: drivers for flat-panel displays, low-end smart
cards, and radio-frequency identification tags.1'4 Conventional OT-
FTs need more than 15 V for gating and charge-transport operations
to achieve device characteristics. However, for portable and battery-
powered applications requiring low power consumption, it is essen-
tial to reduce the operating voltage to below 5 V. 6

For low voltage operation, there are two general approaches to
obtain a high capacitance of gate dielectrics: by increasing the di-
electric constant or by reducing the dielectric thickness. Since Dimi-
trakopoulos et al. reported low-voltage-driven OTFTs with high-k
dielectric 1ayers,7 many research groups have fabricated low-
volta§e-driven OTFTs adopting high-k metal oxides (Ta,03, TiO,,
etc.)."!" However, conventional high-k inorganic gate dielectric
films are generally thick (typically, more than ~100 nm) in the
interest to avoid serious gate leakage current. These oxides are not
quite suitable for direct growth of an organic semiconductor channel
due to their highly hydrophilic surfaces. Such surfaces are likely to
cause undesirable interface interactions with organic semiconductors
and cause device instability such as gate voltage hysteresis.” On the
other hand, another types of low-voltage-driven OTFTs ado?ting
ultrathin gate dielectrics such as self—assembled-monolayer]2’1‘ and
thin polymersm'16 have also been reported. Ultrathin organic gate
dielectrics readily accommodate an organic semiconductor channel
but are still problematic due to their structural imperfections includ-
ing pinholes generated during the deposition processes.g’lz"15 One
way to circumvent the aforementioned drawbacks from inorganic
high-k and ultrathin organic dielectrics is to stack an organic layer
on a high-k inorganic film, hence selectively combining the advan-
tages of both gate materials. In previous studies, we thus have re-
ported on the fabrication and characterization of thin-film transistors
(TFTs) with poly-4-vinylphenol (PVP)/high-k yttrium oxide (YO,)
or PVP/rf-sputter-deposited AlO, bilayer gate dielectrics and dem-
onstrated organic TFTs with a 45 nm PVP/100 nm_high-k oxide
combination operating at low voltages under 5-8 V.18 In this pa-
per, we extend systematically these experiments to wider thickness
ranges of polymer/high-k oxide combinations for pentacene TFTs.
These experiments are systematically investigated in the present ar-

* E-mail: semicon@yonsei.ac.kr

ticle, where we fabricated pentacene TFTs with PVP/YO, gate
dielectrics of various thickness combinations (PVP/YO,
=45 nm/50 nm, 70 nm/50 nm, 140 nm/50 m, 45 nm/100 nm,
70 nm/100 nm, and 140 nm/100 nm) and studied in detail the re-
sulting device performance characteristics (see Tables I and II).

Experimental

Prior to the deposition of dielectric films on indium-tin oxide
(ITO) glass, the glass was cleaned with acetone, ethanol, and deion-
ized water in that order. The thickness and sheet resistance of the
ITO films were 79 nm and 30 (/J. Subsequently, yttrium oxide
(YO,) films were deposited by electron-beam evaporation using
99.999% Y,05 pellets in a vacuum chamber at room temperature
(RT) [the initial base pressure was about 5 X 1077 Torr and the
working pressure of O, gas was fixed at 1 X 10™* Torr]. The thick-
ness of YO, film was set to 50 and 100 nm as monitored by a quartz
crystal oscillator and the value was confirmed by a surface profiler
(Alpha-Step 1Q). PVP films were then prepared from solutions of
PVP and poly(melamine-co-formaldehyde), as a cross-linking agent,
in propylene glycol monomethyl ether acetate, by spin coating and
subsequent cross-linking (curing) at 175°C for 1 h in a vacuum
oven. The final thicknesses of the PVP films were approximately 45,
70, and 140 nm as measured by the surface profiler. Pentacene (Al-
drich Chem. Co., ~99% purity) channels were patterned on the
PVP/YO, layers through a shadow mask at a substrate temperature
of RT by thermal evaporation. We fixed the deposition rate to 1 A/s
using an effusion cell (Alphaplus Co., LTE-500S) in a vacuum
chamber (base pressure ~1 X 1077 Torr). The thickness of the pen-
tacene film was 50 nm as monitored by a quartz crystal oscillator
and confirmed by ellipsometry. The source/drain (S/D) Au elec-
trodes were finally deposited by thermal evaporation. As shown in
the schematic cross-sectional view of the Fig. 2 inset, the nominal
channel length (L) and width (W) of our pentacene TFTs were 90
and 500 pwm, respectively.

The compositions (stoichiometry) of the oxide films were mea-
sured by 2 MeV “He?* Rutherford backscattering spectrometry
(RBS) using the sample deposited on p-Si substrates. X-ray diffrac-
tion (XRD) measurements were performed with monochromatic
Cu Ko (A = 1.54 A) radiation to investigate the crystalline qualities
of YO, films and those of the pentacene films deposited on YO, and
PVP layers. The surface of each layer was characterized by atomic
force microscopy (AFM) [Nanoscope 1V, Digital Instruments]. The
electrical properties of the PVP/YO, sandwiched gate dielectric
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Table 1. Electrical and surface properties of single YO,, single PVP films, and PVP/YO, bilayers.

Thickness Dielectric strength Capacitance Surface roughness

Dielectric (nm) (MV/cm) (nF/cm?) (nm)
YO, 50 B 258 (estimated) 2.15
YO, 100 0.2 129 1.83
PVP 45 e 76.7(estimated) 0.46
PVP 70 0.1 473 0.4
PVP 140 0.1 26.0 0.32
YO,/PVP 45/50 2 70.8 1.06
(Type 1)

YO,/PVP 70/50 2 443 0.73
(Type 2)

YO,/PVP 140/50 2 243 0.66
(Type 3)

YO,/PVP 45/100 2 47.1 0.78
(Type 4)

YO,/PVP 70/100 2 352 0.62
(Type 5)

YO,/PVP 140/100 2 21.9 0.48
(Type 6)

films were measured with Au/dielectric/ITO glass structures through
capacitance-voltage (C-V) and current density-electric field (J-E)
tests. All current-voltage (I-V) characteristics of our TFTs, test
structures, and resistance-load inverters were measured with a semi-
conductor parameter analyzer (HP 4155C, Agilent Technologies).
The C-V measurements were made with a HP 4284 capacitance
meter (1 MHz) in the dark at RT. The dynamic response of our
resistance-load inverter was measured with a function generator
(AFG310, Sony/Tektronix) and an oscilloscope (TDS210, Tek-
tronix).

Results and Discussion

Figures la and b exhibit the typical RBS spectra of our 50 and
100 nm thick YO, films on p-Si. As simulated by the RUMP code,
the stoichiometry of our oxide films was identified to be close to
YO;. Our oxide films were amorphous, as observed in the XRD
spectra of Fig. 2. The composition of our oxide films deviated from
the ideal bulk stoichiometry and those oxides tend to be amorphous
due to room temperature processing.1 21 Generally, oxide films are
deposited or postannealed in an oxygen ambient to avoid an easy
oxide—breakdown.'**’ Our YO, films were also deposited in oxygen
ambient and thus an oxygen-rich stoichiometry was observed. It is
inferred that nonbonding oxygen atoms probably exist inside our
amorphous YO, films and, according to the literature,'*>* stoichio-
metric crystalline Y,05 films might be obtained when the oxide
films were annealed at an elevated temperature higher than 450°C,
which is unfortunately not compatible with the fabrication of OTFT.

Figures 3a and b display the J-E and C-V character-
istics resulting from Au/insulator/ITO structures with single
thick PVP (140 nm), single thick YO, (100 nm), the thin-
nest PVP/YO, (45 nm/50 nm), and the thickest bilayer
(140 nm/100 nm) combinations (the dielectric strength and capaci-
tance values of all our single and bilayer films are summarized in

Table I). The bare YO, and PVP films turned out to be inadequate as
a dielectric layer, since they exhibited very high leakage current.
However, all PVP/YO, bilayers showed quite a good dielectric
strength of ~2 MV/cm based on our maximum leakage current
standard of ~107® A/cm?, as shown in Table I and Fig. 3a. It is
interesting to note that although the total thickness of the thinnest
bilayer (45/50 nm) is only 95 nm, its dielectric strength is superior
to those of 100 nm thick YO, and 140 nm thick PVP single layers.
We thus regard that the leakage current paths of YO, and PVP films
are different from each other and are not connected, so that our
organic-inorganic bilayers possess a much improved dielectric
strength.

The capacitances of the PVP (45 nm) and YO, (50 nm) single
layers could not be measured (but just estimated) because of their
high leakage current but those of 70 , 140 nm thick PVP and 100 nm
thick YO, single layer films were successfully measured, to be about
473, 26.0, and 129 nF/cm?, respectively (Table I). According to
Table I, the dielectric constant, k, of the YO, and PVP films was
estimated to be ~14.6 and ~3.9, respectively. The stoichiometric
crystalline Y,O5 film was reported to have k values of 17-20,1920:22
comparable to our YO, film with a value of k (=14.6) in spite of its
off stoichiometry as observed in its RBS results. The k of PVP was
also similar to the previously reported values.””" The thinnest bi-
layer of PVP (45 nm)/YO, (50 nm) exhibited quite a high capaci-
tance value (70.8 nF/cm?). Based on the Eq. 1, the theoretical ca-
pacitance value of bilayer films can be estimated

1 1 1
= — [1]
Ctolal CPVP

The theoretical capacitance value of the thinnest PVP
(45 nm)/YO, (50 nm) layer is calculated to be ~60 nF/cm?, taking
the experimental k values of single PVP and YO,, which results in a

Table II. Performance parameters of our pentacene TFTs with PVP/YO, bilayer gate dielectrics of different thickness combinations.

Mobility Threshold voltage On/off current Subthreshold swing

Dielectric (ecm?/V s) (V) ration (V/dec)

Type 1 1.74 =25 2 X 10* 0.6

Type 2 0.96 -2.5 9 X 10° 0.6

Type 3 0.30 -25 6 X 10° 0.6

Type 4 1.05 -2.5 10* 0.55

Type 5 0.67 -25 4 % 103 0.6

Type 6 0.20 -2.5 3 X 10° 0.8
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Figure 1. RBS spectra of yttrium oxide films of (a) 50 nm and (b) 100 nm
deposited on p-Si substrates, and also RUMP simulation was performed to
extract the stoichiometry of oxide.

somewhat lower value than that of our experimental value
(70.8 nF/cm?). However, most of the other bilayer combinations
showed little difference between the measured and theoretical values
based on a model employing serially connected capacitors.

Figures 4a-d show the AFM surface images of 50 nm, 100 nm
thick YO, films and 45 nm thick PVP films deposited on those two
YO, films. The root-mean-square (rms) surface roughness values of
all single and bilayers on ITO glass are summarized in Table I. The
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Figure 2. (Color online) XRD spectra obtained from YO, films of (a) 50 nm
and (b) 100 nm deposited on p-Si substrates. The XRD spectra show that all
the oxide films are amorphous phase. The inset is a schematic cross-sectional
view of our pentacene-based TFTs (channel length, L = 90 wm, width, W
=500 pm).

H935
Ijl
NE uﬁjﬁﬂﬁjﬂﬂdﬂ = DEFP
ﬂ/mw
o
< 7
>
=
@ /
c
O M
[a) ERS
5
g YO_ (100 nm)
] PVP (45 nm)/YO, (50 nm)
3 PVP (140 nm)IYO, (100 nm)
PVP (140 nm)
10'9 ! 1 1
0.0 -0.5 -1.0 1.5 -2.0
Electric Field (MV/cm)
140 —(b)
NE 120- YO, (100 nm)
‘E" o *  PVP (45 nm)/YO, (50 nm)
c [ o PVP (140 nm)YO, (100 nm)
o PVP (140 nm,
g 8ot ¢ )
s
= 60
)
a
2 40}
U 0000000000000000000000000000000000000000000000000Q
20 POOOOO000000000000000COC00000000000000000000COCOOCT!

5 4 3 -2 14 0 1 2 3 4 5
Voltage (V)

Figure 3. Plots of (a) C-V and (b) J-E characteristics measured with Au-dot/
dielectric insulator/ITO structures. Chosen dielectrics were YO, (100 nm),
PVP (140 nm), the thinnest PVP/YO, (45 nm/50 nm), and the thickest
PVP/YO, (140 nm/100 nm) combinations.

surface roughness of 50 nm and 100 nm thick YO, films on ITO
glass was 2.15 and 1.83 nm as shown in Fig. 4a and b, which im-
proved to 1.06 and 0.78 nm, respectively (Fig. 4c and d) when 45
nm thick PVP dielectric films were deposited by spin coating. It is
because viscose PVP solutions must have filled up the valley regions
on the YO, surface during the spin coating. According to Table I, the
bilayer surface tends to be smoother with the thicker layer of PVP.

(a) (b)

Figure 4. (Color online) AFM images obtained from dielectrics; (a) 50 nm
thick YO,, (b) 100 nm thick YO,, (c) PVP (45 nm)/YO, (50 nm), and (d)
PVP (45 nm)/YO, (100 nm) layers.
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Figure 5. (Color online) XRD spectra and AFM images obtained from pen-
tacene films deposited on (a) the 100 nm thick YO, single layer and (b) on
the PVP (45 nm)/YO, (100 nm) bilayer. The insets are the contact angle
data measured on the surfaces of the bare YO, and the PVP/YO, bilayer. We
used deionized water for the measurements.

The smoothened surface is important in that it becomes the channel/
dielectric interface after pentacene growth. Rough interfaces or
rough channels degrade the hole mobility. In this context, our PVP
overlayer approach is considered quite effective.

The XRD spectra in Fig. 5a and b show that the crystallinity of
active pentacene channels is influenced by the surface conditions of
the substrate materials. While the pentacene film deposited on the
YO, layer exhibited no reflection peaks (which indicates that its
phase is almost amorphous), the film grown on the PVP layer
showed a good crystalline quality as judged by the number and
intensity of resolvable diffraction peaks. Generally, the growth of
the pentacene channel layer is strongly affected by the dielectric
surface conditions such as its roughness and chemical state.”%® In
addition to improving the rms roughness of dielectric surfaces
(shown in Fig. 4a-d), our PVP layers have changed the chemical
state (surface energy) of dielectric surface from hydrophilic to more
hydrophobic, as experimentally proven in the contact angle mea-
surements (see Fig. 5a and b insets). The contact angle measured on
the bare YO, film was only about 24° while it increased to 68° on
the PVP film on YO,. The nicely cured PVP layer forms a less-
interacting interface with the pentacene channel while inorganic di-
electrics make some undesirable interface interactions with the or-
ganic channel 1ayelr.n‘28 As a result, the pentacene grown on the
smooth hydrophobic PVP/YO, bilayer exhibited a good crystalline
phase while the other one grown on the rough hydrophilic YO, layer
appeared amorphous. AFM images also support the XRD results. As
expected, the pentacene film on the bare YO, layer shows very poor
surface morphology but it exhibits well-formed dendritic grains on
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Figure 6. Drain current-drain voltage (Ip-Vp) output curves obtained from
(a) type 1, (b) type 2, (c) type 3, (d) type 4, (e) type 5, and (f) type 6 devices.

the PVP-coated YO, layer. Based on the aforementioned AFM,
XRD, J-E, and C-V results, we believe that our scheme of fabricat-
ing a pentacene TFT with the PVP on top of the YO, could be an
effective approach to achieve a high-quality pentacene channel and
quite a good dielectric capacitance as well.

Figures 6a-f show the drain current-drain voltage curves (Ip-Vp)
obtained from our pentacene-based TFTs with six types PVP/YO,
bilayers of different thickness combinations: type 1 (PVP/YO,
= 45/50 nm), type 2 (PVP/YO, = 70/50 nm), type 3 (PVP/YO,
= 140/50 nm), type 4 (PVP/YO, =45/100 nm), type 5
(PVP/YO, = 70/100 nm), and type 6 (PVP/YO, = 140/100 nm).
All types of devices successtully demonstrated desirable TFT char-
acteristics at an operating voltage lower than —5 V although type 3
and type 6 TFTs show a relatively low drain current less than
~1 pA. Maximum saturation current of ~5.2 wA was achieved
under a gate bias (V) of =5 V from the type 1 device (the thinnest
bilayer combination). With the increase of the total dielectric thick-
ness, maximum saturation currentdecreased because the gate capaci-
tance decreases.

Performance parameters, such as mobility, threshold voltage, on/
off current ratio, and subthreshold swing, were determined from the
J—Ip vs Vg and —Ip vs Vg curves of Fig. 7a and b. Such parameters
for all our devices are summarized in Table II. According to the
saturation-mobility estimation based on the | —Ip vs Vg slope of the
curves, the type 1 device with the thinnest bilayer exhibits the high-
est mobility of 1.74 cm?/V s among all devices studied here al-
though the other types of devices still have satisfactory mobilities as
shown in Table II. In particular, the type 2 and type 4 devices ex-
hibited quite good field effect mobilities of 0.96 and 1.05 cm?/V s.
It is clearly noted that the field effect mobility proportionally in-
creases with the total dielectric capacitance of the bilayer. When
dielectric _capacitance increases, the mobility also tends to
increase””” because a higher capacitance would cause a higher hole
density at the channel/dielectric interface where the accumulated
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Figure 7. |—I, — Vi and Log,o(—1Ip) — Vg plots obtained from (a) type 1,
2, 3 and (b) type 4, 5, 6 devices under a drain saturation condition
(Vp==5V).

holes are used up to initially fill deep traps and then are transported
to the drain. As a result, the higher capacitance in thinner dielectric
bilayer would lead the TFT to have an enhanced mobility with
higher drain current. The dielectric capacitance of an OTFT is
thus very important, since it resultantly influences the drain
current and field mobility of the device if the other conditions
such as channel crystallinity,zs’Z(”ZS’30 channel/dielectric interface
roughness,25’26'28’31and channel/electrode S/D contact™ are identi-
cally controlled. Threshold voltages for all types of devices ap-
peared similar to be about —2.5 V. According to the plots of
logo(=Ip) — Vg of Fig. 7a and b, the on/off current ratios for all
devices were estimated to range from 3 X 10% to 2 X 10* and their
subthreshold slopes were in the range of 0.55-0.8 V/dec. The per-
formance of our devices is comparable to or better than previously
reported cases.’

Anticipating low voltage operation, we set up a resistance-load
inverter consisting of a pentacene TFT (type 2 device) and a load
resistor (discrete load resistance, Ry, = 22 MQ)) (see the inset of Fig.
8a for the inverter scheme). Our inverter operated well below 5 V
showing a clear inverting response (input-to-output switching) be-
tween —5 V (“high”) and 0 V (“low”). The inverter exhibits an out-
put voltage hysteresis of ~0.5 V, which is mainly attributed to di-
electric residual effect such as slow polarization due to —OH groups
or gate charge injection, which may occur during gating.24’ ? The
measured voltage gain, dV,,/dV,,, which is a parameter important
to the subsequent stage switching, was ~ 3. The dynamic operation
of this inverter was also demonstrated with our inverter setup.
For the gate dynamics we adopted a dc pulsing for pulsed
Vin = —5-0 V this time and used an oscilloscope with a buffer op-
erational amplifier for sampling V,,,. Figures 8b-d exhibit the dy-
namic behavior of our pentacene-based inverter, which was demon-
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Figure 8. (Color online) (a) Static characteristics of our resistance-load in-
verter composed of a pentacene TFT with PVP (45 nm)/YO, (100 nm) di-
electric and a load resistor (R} = 22 M()); inset shows a schematic circuit
diagram of the inverter setup. Dynamic switching behavior demonstrated at
various frequencies: (b) 1 Hz, (c) 5 Hz, and (d) 20 Hz. Upper pulse is the
input (V;, pulse) driven by pulse generator and lower one is the measured
output signal (V).

strated with various frequencies: 1, 5, and 20 Hz. At all frequencies
the dynamic inverting was observed. At 20 Hz the spikes of V,, and
RC delays at on-and-off switching appeared clear due to a large
overlap capacitance between gate and S/D electrodes in our com-
mon gate structure. In particular, the rising time (z,) at TFT-on state
and falling time (z;) at TFT-off state are significantly different, to be
about 1.5 and 12 ms, respectively. It is because the channel resis-
tance at the transistor-on state (~2 M{)) was an order of magnitude
lower than the load resistance at the TFT-off state (~22 M(}). As a
result, the RC delay at the turn-off state (the falling time) becomes
much longer than at the turn-on state. The dynamic response could
thus be enhanced by patterning the gate electrode (to reduce overlap
capacitance).

Conclusion

We have fabricated pentacene-based TFTs and resistance-load
inverters operating at a low voltage of =5 V, using PVP/YO, bi-
layer gate dielectrics. Neither the YO, nor PVP single layer dielec-
tric alone can properly function as a dielectric layer due to their high
leakage current. However, our bilayer films of six different thickness
combinations (among which the thinnest combination was
PVP/YO,=45/50nm and the thickest was PVP/YO,
= 140/100 nm) exhibited quite a good dielectric strength of
~2 MV/cm and high capacitances (maximum ~70.8 nF/cm?). The
low-k PVP was found to complement efficiently the high-k oxide
which has a rough hydrophilic surface, resulting in a smoothened
hydrophobic surface, consequently allowing good crystalline penta-
cene channel growth on that surface. All the pentacene TFTs with
the PVP/YO, bilayer combinations as a gate dielectric successfully
demonstrated desirable TFT characteristics operating at a voltage
lower than —5 V. In particular, two types of devices with PVP
(45 nm)/YO, (50 and 100 nm) combinations exhibited excellent de-
vice performances with field effect mobilities (1.74 and
1.05 cm?/V s, respectively) and on/off current ratios of ~10% A
resistance-load inverter adopting our pentacene TFT with the PVP
(45 nm)/YO, (100 nm) layer and a load resistance (Ry) of 22 MQ
demonstrated good static/dynamic operations with a voltage gain of
~3 under 5 V. We thus conclude that our hybrid approach adopting
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the low-k PVP/high-k YO, bilayer as a gate dielectric is very effec-
tive in realizing a high performance low-voltage pentacene TFT,
combining the merits of both materials.
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