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Protrusive Mor phology of Bis(triisopropylsilylethynyl)Pentacene Nanofilms
Deposited on SiO, Surfaces viathe Vacuum Thermal Evapor ation M ethod

Tae Kwan Kim? Hoesup Soh®, Hyunho Kim®, Sungsoo Kim"*, and Jaegab L ee"

'Center for Materials and Processes of Self-Assembly, School of Advanced Materials Engineering,

Kookmin University, Seoul 136-702, Korea
’GNTech Corporation, Suwon 443-400, Korea
®School of Display Engineering, Hoseo University, Asan, Chungnam 336-795, K orea

Highly pure 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-PEN) nanofilms were deposited on oxidized sil-
icon wafer substrate surfaces at two different substrate temperatures (25°C and 70°C) via the vacuum thermal
evaporation (VTE) method. Atomic force and scanning electron microscope analyses showed that the TIPS
PEN films (~55 nm) prepared at two different substrate temperatures commonly have a number of protrusions
widespread over the films. The protrusions, which are highly likely to be crystalites, tend to be smoother
and grow higher at the elevated substrate temperature (70°C), suggesting an improved crystalinity of the
film. However, this study suggests that an optimum substrate temperature higher than 70°C must be found
to remove or a least minimize the protrusive morphology of TIPS-PEN semiconducting films as well as
to form a perfectly polycrystaline film for an organic thin film transistor device since the morphology of
a semiconductor film deeply affects the performance of a transistor.
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1. INTRODUCTION

6,13-Big(triisopropylsilylethynyl)pentacene  (TIPS-PEN)
has been of great concern as a semiconductor layer of
organic thin film trangstor (OTFT) devices because of its
excdlent dectrica characteristics, mostly due to its greatly
improved n-it stacking ability of TIPS-PEN molecules com-
pared to that of un-functionalized pentacene™@ Another
important feature of TIPS-PEN molecules is the high solu-
bility of them into various organic solvents, which makes
possible alow cost solution process for fabricating semicon-
ductor layers into electronic devices®® As a result, many
research groups and companies are eagerly attempting to
develop a solution process for depositing highly crystaline
TIPS-PEN films on various substrate surfaces™® However,
this ssmple and economic solution process suffers from con-
siderably low reproducibility of transstor characteristics
mostly due to numerous difficult quality control issues, e.g.,
gas-inclusion into films, solvent purity, and film thickness
control. On the other hand, vacuum thermal evaporation
(VTE) for depositing organic semiconductors is a highly
reproducible and most reliable method aready verified in
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electronic industries, even if this method is not so cost-effec-
tive¥ Infact, in many cases, organic semiconductor layers
of OTFT devices deposited by the VTE method generally
show better charge carrier mobility aswell as reproducibility
than those prepared by solution processes do.** In addition,
another considerable advantage is that the VTE method can
promptly and properly reuse a great deal of evaporation
equipment that has operated in modern fabrication facilities.

To date, many studies have focused on the morphology
and growth of TIPS-PEN films deposited on silicon oxide
surfaces by various solution processes, including spin and
drop casting methods®™ On the other hand, almost no
one study has reported the morphology and growth of TIPS-
PEN films deposited on silicon oxide surfaces by the VTE
method** even if this information is imperative for the
optimizing deposition condition of a high quality TIPS-PEN
film. Therefore, in this study, we investigated the morphol-
ogy and crystalinity of TIPS-PEN nanofilms deposited on
silicon oxide surface by the VTE method, particularly at two
different substrate temperatures (25°C and 70°C). This
investigation was intended to explore how the substrate tem-
perature affects the morphology and crystallinity of TIPS
PEN films on silicon oxide surfaces. It revedled that TIPS
PEN nanofilms have a number of unusua protrusions wide-
spread over the silicon oxide surface a up to 70°C of the
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substrate temperature.
2. EXPERIMENTAL

All reagents were purchased from the Aldrich Chemica
Co. (Milwaukee, WI) except 6,13-bis(triisopropylsilylethy-
nyl)pentacene (TIPS-PEN). TIPS-PEN was synthesized as
described in a previous publication™ A nuclear magnetic
resonance (NMR) measurement and gas chromatography
(GC) andysis were carried out to check the purity of TIPS
PEN. These anadysesrevealed that the purity isat least above
99%. Figure 1 shows a NMR spectrum for TIPS-PEN mole-
cules, and its peak positions exactly match with previoudy
reported data ™

The oxidized (100) S wafer (1.5 cmx1.5 cm) was soaked
in a piranha solution for ten minutes and was then sonicated
in ultra-pure water for five minutes to remove any organic
contaminants that may have been on the surface. The
cleened S wafer substrate and TIPS-PEN source were
placed in a chamber together at 7x10° torr of vacuum pres-
sure. After that, TIPS-PEN was directly evaporated onto the
oxidized S wafer surface at a source temperature of 80°C.
Upon evaporation, the substrate temperature was maintained

either a 25°C or a 70°C. The evaporation rate was at least
faster than 1.0 A/sec. Atomic force microscopic images were
probed with an SPA 400 (Seiko, Japan; tapping mode, scan
speed: 0.5-0.6 Hz, scan size: 10x10 um). Field emission-
scanning electron microscopic images were taken with a
JSM-7401F (JEOL Corp., Japan; cold tip field emission) at
room temperature with a magnification of 20,000 times. No
conductive Pt coating was applied to the sample surface. The
electron beam was at norma incidence to the sample, and
the accelerating voltage was 1.0 kV.

3. RESULTS AND DISCUSSION

Two different TIPS-PEN nanofilms (~55 nm) were depos-
ited on oxidized silicon wafer surfaces at the substrate tem-
peratures Ts= 25°C and 70°C, respectively. Then, the film
surfaces were imaged with an AFM (SPA 400, Seko,
Japan), and these images are shown in Fig. 2. Interestingly,
these images commonly show a number of protrusons
grown on slicon oxide surface. In particular, the image in
Fig. 2(a), whichisa TIPS-PEN nanofilm prepared at Ts =25
°C, shows so many TIPS-PEN protrusions nearly entirely
covering the substrate surface (RM S = 8.68 nm). These pro-
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Fig. 1. A "H nuclear magnetic resonance (NMR) spectrum of 6,13-bis(triisopropylsilylethynyl)pentacene (300 MHz, CDCls): 1.38 (s, 42H),
7.41 (dd, J = 6.6, 3.0 Hz, 4H), 7.97 (dd, J = 6.6, 3.0 Hz, 4H), 9.3 (s, 4H). The product was synthesized from 6, 13-pentacenequinone to give a

50% yield of dark blue fin-shaped plates.
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Fig. 2. Atomic force microscopic images of TIPS-PEN nanofilms deposited on oxidized silicon wafer substrate surface viathe VTE method. (8)
A TIPS-PEN nanofilm prepared at Ts = 25°C; Pugy = 7 % 10° torr; Touce = 80°C; Ravap = 1.0 A/sec (RMS=8.68 nm). (b) A TIPS-PEN nanofilm
prepared a Ts= 70 °C; Py = 7 X 10° tOrT; Tepuee = 80°C; Rep = 1.0 A/sec (RMS = 10.43 nm). The lines drawn on the images represent z-axis
profiles of the films, and the profiles and tables (scale information) are shown on the right side of the images. It isimportant to note that the pro-
trusions are generaly higher (A ~20 nm), but the rest of the film surface is smoother in the case of a heated substrate sample (b) than in the

unheated case (a).

trusions typically have approximate heights of 40 nm and
widths of 600 to 900 nm. In contrast, a TIPS-PEN nanofilm
prepared at Ts = 70°C (Fig. 2(b)) hasrelatively less dense but
higher (~60 nm heights) and narrower (500 ~ 600 nm widths)
protrusions, which gives rise to a higher RMS roughness
(20.43 nm). Astheline profilesin Fig. 2 indicate, the TIPS
PEN protrusions in the heated substrate case (Fig. 2(b)) are
generaly 20 nm higher than those in the unheated case (Fig.
2(b)). In addition, the line profilesin Fig. 2 clearly show that
the rest of the surface domains except the protrusions are
smoother in the heated substrate case (2(a)) than in the
unheated case (2(a)) even if the heated case has a larger
RMS roughness value (10.43 nm) than the unheated case
does (8.68 nm).

In order to visually observe the protrusions, photographs
of the TIPS-PEN nanofilms were taken with an FE-SEM
(JSM-7401F, Jeol, Japan), and the images are shown in Fig.
3. Asshownin Fig. 3(a), irregular dark regions represent the
TIPS-PEN protrusions. The remaining area except the pro-
trusonsin Fig. 3(a) also has so many tiny protrusions, indi-

cating that the surface is considerably rough. On the
contrary, the protrusions on the unheated substrate surface
have nearly circular shapes, as shown in Fig. 3(b). The
image 3(b) further shows that the remaining surface except
the protrusions is considerably smoother than the similar
areain the unheated case. These results strongly suggest that
TIPS-PEN film tend to grow on the heated substrate surface
at least partidly in an ordered manner when the protrusions
develop. The rougher and more irregular morphology of a
TIPS-PEN nanofilm deposited on an unheated silicon oxide
substrate surface suggests the completely amorphous growth
of the film, whereas relatively the smoother morphology and
circular-shaped protrusions in the heated substrate case
clearly support at least the partid crystalline growth of the
film. This hypothesisis aso firmly supported by the fact that
the elevated substrate temperature improves the crystallinity
of the film prepared by the VTE method.*™”

Another noteworthy point in this study is the existence of
protrusions formed on the silicon oxide surface at a substrate
temperature of up to 70°C. In fact, Ostroverkhova et al.!*

Electron. Mater. Lett. \VVol. 4, No. 2 (2008)



88 T. K. Kimet al.: Protrusive Morphology of Bis(triisopropylsilylethynyl)Pentacene Nanofilms Deposited on SO ...

)%’*’ \, .

SEI 1.0kv  X20,000 Tum WD 2.7mm

WD 2.6mm

SEI 1.0kv  X20,000 Tum

(b)

Fig. 3. Field Emission-Scanning Electron Microscopic (FE-SEM)
images of TIPS-PEN nanofilms deposited on oxidized Si wafer sur-
facesa Ts = 25°C (a) and 70°C (b). The protrusionsin the heated case
(b) have much more regular or circular shapes than in the unheated
case, and the rest of the film domains have a smoother morphology in
the heated case (b) than in the unheated case.

recently reported the existence of the protrusions of a TIPS
PEN film evaporated on a glass substrate at Ts = 25°C. The
aforementioned authors claim that the protrusions are crys-
tallites, but the rest of the film is predominantly amorphous.
Indeed, this claim matches well with our results. Howevey, it
isasointeresting to note that the protrusive morphology was
gone from a TIPS-PEN film evaporated on a glass subgtrate
a T.=85°C. Instead, Ostroverkhovaet al.™ showed that the
film is predominantly polycrystaline via the x-ray diffrac-
tion analysis, mainly due to the elevated substrate tempera-
ture. This may suggest that the substrate temperature used in

this study (Ts = 70°C) is not high enough to suppressthe for-
mation of the discrete crystallites or protrusons aswell asto
promote the formation of a complete polycrystaline film.
Therefore, it is imperative to know what substrate tempera-
ture higher than 70°C is optimum for the formation of a per-
fectly polycrystalline TIPS-PEN film, and the investigation
is currently underway.

4. CONCLUSIONS

In this study, considerably protrusive morphologies of
highly pure TIPS-PEN nanofilms evaporated on oxidized
silicon wafer substrates viathe VTE method were identified
a various substrate temperatures of up to 70°C. AFM and
FE-SEM analyses reasonably support that the protrusions
are discrete crystallites, which meansthat the rest of thefilm
is highly likely to be amorphous. However, the smoother
morphology and circular shapes of the protrusions in the
heated substrate case strongly indicate that the elevated tem-
perature tends to promote a crystaline ordering of TIPS
PEN molecules on silicon oxide surface. Nevertheless, it is
essentid to find an optimum substrate temperature which
can completely remove or noticesably diminish the protrusive
morphology of TIPS-PEN semiconducting films, as well as
which can promote the formation of a perfectly polycrystal-
line film for OTFT devices since the morphology of an
organic semiconductor film deeply affects the performance
of atransstor.
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