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We investigated the indirect UV/ozone treatment, which means treating the insulator surface under tens of
nanometers, rather than the direct surface of the insulator. The double-stacked organic layers are used as gate
insulator and the UV/ozone treatment is conducted between these two layers. We analyzed the surface
morphologies of the gate insulator and the pentacene by atomic force microscopy (AFM) to confirm the effect of

indirect UV/ozone treatment. The UV/ozone treatment reduced the surface roughness of the upper side gate
insulator and increased the pentacene grain size. Pentacene-based thin film transistors were fabricated and the
electrical property improvement after this treatment was examined. The largest improvement was found when
the UV/ozone treatment time is 10 min and the upper side gate insulator thickness is 20 nm, and the mobility at
that condition is 1.21 cm?/V s, which is larger than three times that without UV/ozone treatment (0.33 cm?/V s).

1. Introduction

Organic thin film transistors (TFTs) have received a lot of attention
for the potential application to flexible electronics, such as sensor,
memory, light-emitting diode, and switching device for active-matrix
flat-panel displays (AMFPD) [1-5] because organic TFTs can be fabri-
cated on the plastic substrate owing to their low processing temperature
and ability to endure mechanical bending stress [6-9].

Pentacene (Cp5Hi4) is the most commonly used active material in
organic TFTs. The electrical characteristics of pentacene-based organic
TFTs, such as field-effect mobility, are comparable to amorphous silicon
thin film transistors (a-Si TFTs), which are commonly used for back-
plane of liquid crystal displays (LCD) but they are quite inferior com-
pared to general inorganic TFTs. So, it is necessary to improve electrical
characteristics for high-performance flexible electronics.

The electrical characteristics of organic TFTs are closely related to
the interface characteristics between gate insulator layer and active
layer. Therefore, there were many efforts to improve the interface
characteristics with various direct treatment on the surface of gate di-
electric layer, such as O,-plasma treatment, hexamethyldisilasane
(HMDS) treatment, octadecyltrichlorosilane (OTS) treatment, etc
[10-12].

The UV/ozone treatment was also used as surface treatment method
on gate insulator layer. When a polymer gate dielectric layer is treated
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with UV/ozone, the surface energy increases because some of the sur-
face polymer chains are broken and they are combined with oxygen
atoms forming polar groups, such as —OH, —CO—, —COOH, etc [13,14].
The increased surface energy after UV/ozone treatment makes penta-
cene grow vertically, resulting in large pentacene grains [15,16]. Or-
ganic TFT with large pentacene grains has higher mobility compared to
that with small pentacene grains, because the former has fewer grain
boundaries and so fewer boundary scattering than the latter. A large
increase in mobility (0.07 cm?/V s to 2.66 cm?/V s) after direct UV/
ozone treatment on polymer gate insulator was reported in Ref. [15].
However, the hysteresis was also increased from 0.5 V to 24.9 V after
treatment because the hydroxyl (OH) groups generated by the UV/
ozone treatment act as electron trap sites at the organic semiconductor/
gate dielectric interface. Here we also analyzed the effect of the direct
UV/ozone treatment on poly(4-vinylphenol-co-methlyl methacrylate)
(PVP-co-PMMA) gate dielectric. Fig. S1(a)-(b) show the transfer char-
acteristics measured in two opposite gate voltage sweep directions: (a)
without UV/ozone treatment and (b) with direct UV/ozone treatment.
We defined the hysteresis as the difference of gate-to-source voltage
(Vss) when the drain-to-source current (Ing) is ~10” A. In our case, the
mobility was increased from 0.25 cm?/V s to 1.21 cm?/V s and the
hysteresis was increased from 0.18 V to 17.73 V after 10 min of the
direct UV/ozone treatment.

Not only the surface energy, but the roughness of gate insulator
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Fig. 1. The pentacene-based organic TFT structure using PMMA/PVP-co-PMMA as gate
insulators.

surface is also an important factor that determines the size of pentacene
grains. The mobilities of pentacene TFTs with smooth gate insulator
surface is larger than those with rough gate insulator surface because
the pentacene grains grow bigger on the smooth surface [13,17-19].

In this study, we propose the indirect UV/ozone treatment method
that UV/ozone treatment is executed below the gate insulator surface.
We improved the electrical performance of pentacene-based organic
TFTs without increasing the hysteresis by this method of reducing the
gate insulator surface roughness and enlarging the pentacene grains
which are deposited on the surface.

2. Experiments

The structure of organic TFT is shown in Fig. 1. The glass substrate
was cleaned with acetone, isopropyl alcohol and deionized water in an
ultrasonic cleaner. Al gate electrode was deposited on the substrate
through a shadow mask by thermal evaporation to a thickness of
100 nm. We used two kinds of solution processed organic gate in-
sulators. Poly(4-vinylphenol-co-methlyl methacrylate) (PVP-co-PMMA),
the bottom insulator layer, was spin-coated to a thickness of 130 nm.
Prior to spin-coating poly(methyl methacrylate) (PMMA), the top in-
sulator layer, we did UV/ozone treatment (with a wave length of
253.7 nm) for various times: 0, 2.5, 5 and 10 min. The water contact
angle measurements were carried out on the UV/ozone treated PVP-co-
PMMA surfaces to investigate the changes of surface properties. PMMA
was spin-coated on the UV/ozone treated substrate, to various thick-
nesses: 20, 60, 160 and 200 nm. The PMMA thickness was controlled by
adjusting solution concentration. The 70 nm pentacene active layer was
deposited on the PMMA through a shadow mask at a deposition rate of
0.2-0.3 A/s with a substrate temperature of 80 °C. The 100 nm Au
source/drain electrodes were deposited by thermal evaporation
through a shadow mask. The width (W) and length (L) of the pentacene
TFTs in this experiment are 1000 um and 100 pm, respectively.

The surface morphologies of PMMA and pentacene were char-
acterized by using atomic force microscopy (AFM) system (PSIA XE-
100) in non-contact mode and the electrical characteristics of pentacene
TFTs were measured by using semiconductor parameter analyzer
(HP4145B).

3. Results and discussion
3.1. UV/ozone treatment effect with different treatment time

To optimize the UV/ozone treatment time, we measured the water
contact angles on the UV/ozone treated PVP-co-PMMA surfaces with
various treatment times. Fig. 2 shows the relation between UV/ozone
treatment time and the water contact angle on the PVP-co-PMMA layer.
As treatment time increased from O min to 5 min, the water contact
angle was decreased from 88.3° to 29.6°. We can infer that the change
in the water contact angle leads to a change in the surface energy from
the following equation [14,20].
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Fig. 2. The relationship between the UV/ozone treatment time and the water contact
angle. The insets are the water contact angle images on the initial and UV/ozone treated
PVP-co-PMMA.

7, is the surface energy of the liquid used for measurement and it is
the sum of yf and y/, which represent the dispersed part and the polar
part, respectively. The total surface energy y, can be estimated as the
following equation.

K=V s @

In equation (2), yg is the dispersed component and y{ is the polar
component of the solid surface energy. The decreased water contact
angle means the increase of y¢, so the increase of the total surface
energy ¥, [14]. There was no further decrease in the water contact angle
after 5 min, but we optimized the UV/ozone treatment time to 10 min
for sufficient treatment.

We spin-coated PMMA with a thickness of 20 nm on the UV/ozone
treated or untreated PVP-co-PMMA layer. The relationship between the
root-mean-square (RMS) roughness of PMMA and the UV/ozone treat-
ment time is shown in Fig. 3. The surface roughness of PMMA decreases
from 0.312 nm to 0.193 nm as UV/ozone treatment time increases from
0 min to 10 min. In many studies, the UV/ozone treatment has been
used to remove substrate contaminants and to increase coating uni-
formity thereon. C.N. Li et al. [20] reported that the surface roughness
of the deposited NPB is smoother on the UV/ozone treated ITO (RMS =
0.72 nm) than on the untreated one (RMS = 2.71 nm). The UV/ozone
treatment on the PVP-co-PMMA also has an effect on reducing the

0.35

0.20 |

RMS roughness [nm|

0.15

10.0

7.5

2.5 5.0

0.0
UV/ozone treatment time [min]|

Fig. 3. The relationship between the UV/ozone treatment time and the PMMA RMS
roughness when PMMA thickness is 20 nm. The insets are AFM images of PMMA surface
and line profiles.
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Fig. 4. The AFM images of pentacene morphology when PMMA thickness is 20 nm. The
UV/ozone treatment times are (a) 0 min, (b) 2.5 min, (¢) 5 min and (d) 10 min.

PMMA surface roughness on it. It can be explained that the PMMA
chains are aligned in the same direction by the surface dipoles gener-
ated by the UV/ozone treatment. The insets in Fig. 3 are AFM images
measured in 2 um X 2 um size and the corresponding line profiles. We
can also see through the AFM images and the line profiles that the
PMMA surface roughness has been decreased after UV/ozone treat-
ment.

Fig. 4 shows the AFM images of pentacene grains when they are
deposited on PMMA with various UV/ozone treatment times. The
pentacene grain size increases when the UV/ozone treatment time in-
creases at a PMMA thickness of 20 nm, as shown in Fig. 4(a)-(d). It is
strongly related to the previous results of PMMA roughness we men-
tioned in Fig. 3. The pentacene can grow well on the smooth and or-
dered surface [13,17-19], so the pentacene grain size is greatest when
the PMMA RMS roughness is the minimum (0.193 nm) at 10 min of UV/
ozone treatment. The UV/ozone treatment below PMMA reduces the
surface roughness of PMMA and it indirectly affects the size of penta-
cene grains because the pentacene grain size is affected by the rough-
ness of the surface on which it is deposited. As the UV/ozone treatment
time increases, the surface of PMMA gets ordered and smoother so the
pentacene can grow well with large grain size.

We investigated the effect of indirect UV/ozone treatment to pen-
tacene TFTs and the transfer curves with various UV/ozone treatment
times are shown in Fig. 5(a). The sweep range of gate-to-source voltage
(Vgs) is from +20 V to —40 V and the drain-to-source voltage (Vps) is
—20 V. As shown in Fig. 5(a), the on-current increases as the UV/ozone
treatment time increases. The drain-to-source current (Ips) in the sa-
turation mode can be represented as

Ing = —Ciu(Vgg — Vp)?
DS oL it (Vos ) 3)

where W is the channel width, L is the channel length, C; is the capa-
citance of the gate insulator, u is the mobility and V; is the threshold
voltage. We calculated the mobilities by equation (3) and the re-
lationship between the mobility and the UV/ozone treatment time is
shown in Fig. 5(b). The mean values of the mobility were extracted
from four samples per each condition. The mobility without UV/ozone
treatment is 0.33 cm?/V s. The mobility increases as UV/ozone treat-
ment time increases from 0 to 5 min and it is almost saturated after
5 min. The huge increase in mobility is due to the smooth PMMA
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roughness and the large pentacene grains. Both the smooth roughness
of gate insulator surface and the large pentacene grains decrease scat-
tering when charge carriers pass through the channel [15-19]. The final
mobility is 1.21 cm?/V s when the UV/ozone treatment time is 10 min.
Other electrical characteristics such as the threshold voltage and the
on/off current ratio as well as the mobility are shown in Table 1. The
relationship between the threshold voltage and the UV/ozone treat-
ment is shown in Fig. S2. The threshold voltage was shifted in the po-
sitive direction as the organic contamination was removed after UV/
ozone treatment. However, since the threshold voltage is influenced by
various factors such as the experimental environment, further ela-
borative experiment and analysis are needed to understand the exact
mechanism.

3.2. UV/ozone treatment effect with different PMMA thickness

The relationship between PMMA roughness and the PMMA thick-
ness, when the UV/ozone treatment time is 10 min, is shown in Fig. 6.
The surface roughness of PMMA increases when the PMMA thickness
increases. It means that the effect of the UV/ozone treatment decreases
when it goes far from the UV/ozone treated surface. The PMMA RMS
roughness when PMMA thickness is 200 nm (0.312 nm) is same with
that without treatment in Fig. 3 (0.312 nm). This means that the
treatment effect no longer appears when the thickness of the PMMA is
more than 200 nm. The insets are AFM images measured in 2 um X 2
um size and the corresponding line profiles when the PMMA thick-
nesses are 20 nm and 200 nm respectively.

The pentacene grain size decreases with same UV/ozone treatment
time (10 min) when the PMMA thickness increases, as shown in
Fig. 7(a)-(d). The results for pentacene grains are inversely related to
the previous PMMA roughness results shown in Fig. 6. It is because the
pentacene grains grow smaller on the rough surface.

The transfer curves without UV/ozone treatment (black line) and
with 10 min of UV/ozone treatment (red line) with various PMMA
thicknesses are shown in Fig. 8(a) and (b). The PMMA thicknesses are
(a) 20 nm and (b) 200 nm. The sweep range of gate-to-source voltage
(Vss) is from +20 V to =40 V and the drain-to-source voltage (Vps) is
—20 V. The increase in on-current is largest when the PMMA is 20 nm
and decreases with increasing PMMA thickness.

From the transfer curves in Fig. 8(a) and (b), however, we cannot
directly compare the mobility changes by the PMMA thickness varia-
tion because the Ips is proportional to both the mobility and the ca-
pacitance of the gate insulator. The reduction in on-current is affected
not only by the mobility reduction but also by the reduction of the
capacitance due to the increase in PMMA thickness. So, we also cal-
culated the mobilities by equation (3) to see only the effect of PMMA
thickness on mobility. Fig. 8(c) shows the relation between the mobility
and the PMMA thickness without UV/ozone treatment and with 10 min
of treatment. The mean values of the mobility were extracted from four
samples per each condition. When the treatment is not applied, mobi-
lity is almost same (0.33 + 0.02 cm?/V s) even though the PMMA
thickness is increased. It is because the PMMA surface roughness and
the pentacene grain size are almost same for the untreated samples, as
shown in Fig. S4. However, the mobility increases after 10 min of
treatment and the increment decreases when the PMMA thickness in-
crease because the effect of UV/ozone treatment decreases as the sur-
face moves away from the treated point. The relationship between the
threshold voltage and the PMMA thickness is shown in Fig. S3. The
threshold voltage shifted in the negative direction as the PMMA
thickness increased.

All the results are summarized in Table 1. From the AFM results of
the PMMA surface roughness and the pentacene morphology and
electrical characteristics of the pentacene TFTs, we can verify the effect
of indirect UV/ozone treatment to pentacene TFTs. The UV/ozone
treatment tens of nanometers below the surface of the gate insulator
indirectly affects the size of pentacene grains by modifying the surface
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Fig. 5. (a) Ips-Vgs characteristics with various UV/ozone treatment times (0, 2.5, 5 and 10 min) and (b) relationship between the mobility and the UV/ozone treatment time when the

PMMA thickness is 20 nm.

Table 1

The contact angle on the PVP-co-PMMA, the PMMA RMS roughness, the pentacene grain size and the mean electrical parameters extracted from four each sample with UV/ozone

treatment time and PMMA thickness.

UV/ozone treatment PMMA thickness Contact angle on PVP- PMMA RMS

Pentacene grain size

Mobility [em?®/  Threshold voltage

On/off ratio [A/

time [min] [nm] co-PMMA [°] roughness [nm] [um] Vs] [v] Al

0 20 88.3 0.312 <1 0.33 —-10.80 6.7 x 10°
2.5 20 54.7 0.263 1-2 0.67 -6.75 1.0 x 10®
5 20 29.6 0.194 2-3 1.04 —-7.92 4.7 x 107
10 20 29.6 0.193 >3 1.21 —7.50 1.5 x 107
10 60 29.6 0.236 2-3 0.77 —7.83 1.0 x 10®
10 160 29.6 0.280 <1 0.48 —-10.92 1.6 x 10°
10 200 29.6 0.312 <1 0.39 —-11.63 6.9 x 107

0.35

0.20

RMS roughenss [nm]
5

05—~ .
0 50 100 150

PMMA thickness [nm]

Fig. 6. The relationship between the PMMA thickness and the PMMA RMS roughness
when UV/ozone treatment time is 10 min. The insets are AFM images of PMMA surface
and line profiles.

roughness of the gate insulator. Both the large pentacene grain size and
the smooth gate insulator roughness by this indirect UV/ozone treat-
ment method increase the mobility of pentacene TFT. The mobility
increases when the treatment time increases and the upper insulator
thickness decreases. When the treatment time was 10 min and the

Fig. 7. AFM images of pentacene grains when UV exposure time is 10 min. PMMA

thicknesses are (a) 20 nm, (b) 60 nm, (c) 160 nm and (d) 200 nm.
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PMMA thickness was 20 nm, the mobility was the largest (1.21 cm?/ Appendix A. Supplementary data

V s) without any severe hysteresis increase (3.28 V), as shown in Fig.

S1(c). Supplementary data related to this article can be found at http://dx.
doi.org/10.1016/j.0rgel.2017.10.036.
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