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Abstract: This study describes a general approach for probing semiconductor—dielectric interfacial chemistry
effects on organic field-effect transistor performance parameters using bilayer gate dielectrics. Organic
semiconductors exhibiting p-/n-type or ambipolar majority charge transport are grown on six different bilayer
dielectric structures consisting of various spin-coated polymers/HMDS on 300 nm SiO,/p™-Si, and are
characterized by AFM, SEM, and WAXRD, followed by transistor electrical characterization. In the case of
air-sensitive (generally high LUMO energy) n-type semiconductors, dielectric surface modifications induce
large variations in the corresponding OTFT performance parameters although the film morphologies and
microstructures remain similar. In marked contrast, the device performance of air-stable n-type and p-type
semiconductors is not significantly affected by the same dielectric surface modifications. Among the bilayer
dielectric structures examined, nonpolar polystyrene coatings on SiO, having minimal gate leakage and
surface roughness significantly enhance the mobilities of overlying air-sensitive n-type semiconductors to
as high as ~ 2 cm?/(V s) for a,w-diperfluorohexylcarbonylquaterthiophene polystyrene/SiO,. Electron trapping
due to silanol and carbonyl functionalities at the semiconductor—dielectric interface is identified as the
principal origin of the mobility sensitivity to the various surface chemistries in the case of n-type
semiconductors having high LUMO energies. Thiophene-based n-type semiconductors exhibiting similar
film morphologies and microstructures on various bilayer gate dielectrics therefore provide an incisive means
to probe TFT performance parameters versus semiconductor—dielectric interface relationships.
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comparable to or surpassihthose of the common inorganic

transport for typical organic p-type semiconductors. More

semiconductor for the aforementioned applications: amorphousrecently, it was also reported that certain insulators enable

hydrogenated silicon (a-Si:H)As an example, this material is
currently used in fabricating thin film transistors (TFTs) for LC/
LED displays and exhibits an electron carrier mobility -of
1.0 cn?/(V s) andlonl o ratio > 108, For OSCs, such levels of

ambipolar transport for pentacene- and rubrene-based OTFTs
(organic TFTs)” Regarding OTFT dielectriesemiconductor
interfacial effects, most studies have employed ;S#S the
dielectric and pentacene as the semiconduétat.It is gener-

TFT performance have been achieved by continuous innovationally accepted that gate dielectric surface roughness is an

in molecular desighas well as by careful control of vapor-/
solution-phase film growth conditions via optimization of

important parameter affecting OTFT electrical performalice,
and it was shown that rougher gate dielectric surfaces result in

substrate temperature, solvent, deposition/solvent evaporatiorsmaller pentacene grains and lower OTFT carrier mobilifles.

rate, material purity, et¥ It is generally accepted that all of

Note that several groups have explored correlations between

the aforementioned factors strongly influence semiconductor pentacene grain size (tuned by varying film deposition rate,

film microstructure, which in turn heavily influences charge
transport! Other critical factors affecting overall semiconductor/

substrate temperature) and charge mobility, with most reporting
increased mobility with increased pentacene grain size, although

device performance are chemical composition, surface func- many aspects remain controversiat! Very recently, the

tionalization, and surface morphology (roughness) of the gate

dielectrict213
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the consequences for oligothiophene-based TFT response of

employing various polymeric insulators, instead of $i&s the

gate dielectric layer. This work was followed by more recent
investigations>6 For example, Sirringhaus et al. showed that
implementation of appropriate insulators facilitates electron
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Figure 1. Chemical structure of the organic semiconductors (OSCs; left) and monolayers/polymers (right) employed in this study. The bottom gate OTFT
device configuration is also shown (center).

interplay among Si@dielectric root-mean-square (rms) rough- potential, to our knowledge investigations using this approach
ness, pentacene morphology, and charge transport was furtheare sparse, limited to pentacene OTFTs. However, these suggest
studied using variable-temperature charge transport measurethat pentacene carrier mobility can be tuned substantially,
ments?? In addition to dielectric morphology, the effects of typically by a factor of 2-5x.28 In this contribution, we report
dielectric surface chemical modification on device performance a systematic evaluation of the OTFT response characteristics
have been explored using self-assembled monolayers (SBMs). of six organic semiconductors grown on four different SO

In general, simple Si©hydrocarbon functionalization using polymer bilayer dielectric structures and compare them to
octadecyltrichorosilane (OTS) or hexamethyldisilazane (HMDS) HMDS-functionalized and pristine SiQlielectrics. The ques-
enhances the mobilities and lowers the off-currents of most tions we address are whether this bilayer dielectric strategy is
OSCs?* More recently, it was shown that threshold voltage as a general approach to enhancing charge carrier mobility, whether
well as mobility can be modulated by SAM dipole induced built- there is a correlation between semiconduetoolymer combi-

in surface potential® Although these results demonstrate the nation and OTFT performance, and the nature of the dielectric
importance of controlling fundamental dielectric and/or inter- surface chemical factors underlying such interfacial effects on
facial properties for optimizing/controlling OSC charge transport charge transport. We demonstrate that OTFT mobility for certain
efficiency, connections among dielectric bulk/surface chemistry, semiconductors can be modulated to a very large extent (several
surface energy, dielectric-semiconductor interfacial morphology, orders of magnitude).

and electrical properties are not completely ckéquarticularly To address the above questions we selected for TFT fabrica-
for far less developed electron-transporting organic semiconduc-tion OSCs with very different core structures, chemical func-
tors. tionalities, and frontier molecular orbital (FMO) energies,

An attractive alternative approach for modifying dielectric including those exhibiting hole, electron, and ambipolar transport
surfaces is to deposit a second layer, such as a spin-on polymeron pristine/HMDS-treated SikJFigure 1)2° The bottom layer
on top?” The major advantages of this approach are that, in of the bilayer dielectrics investigated in this study is 300-nm-
contrast to SAM functionalization of oxide insulators, film thick SiQ, thermally grown on p-Si because of the ready
deposition is not limited by the chemistry required for silane/ accessibility of these substrates and the excellent insulating
phosphate coupling to the dielectric surface and different film properties with extremely low leakage currents. Indeed, it has
thicknesses are readily accessed. Consequently, this methodol
ogy allows effective modification of bottom layer topography, (29 (&) ¥oor, Wethi Dibenedetis, 3. 4, Facenets, 1. Mre, Tham,
hence planarization of rough dielectric surfaces, while simul- H.; Hutchison, G. R.; Ratner, M. A.; Marks, T.J.Am. Chem. So2004
taneously fine-tuning the chemical properties of the dielectric 126 13859. (c) Facchetti, A.; Yoon, M.-H.; Stern, C. L. Hutchison, G.

g i i X ; R.; Ratner, M. A.; Marks, T. . Am. Chem. So@004 126, 13480. (d)
surface via choice of the deposited polymer. Despite this great Bao, Z.; Lovinger, A. J.; Brown, I. Am. Chem. S0d.99§ 120, 207.
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been reported that, in addition to the dielectric surface rough- oxygen plasma treatment for 5 min (20 W). For the SiGating layer,
nes4? and dielectric constarif the leakage current through the  —SiMe; groups were introduced using hexamethyldisilazane (HMDS),
gate insulator has major consequences for OTFT funéitm. ~ deposited by placing the SjCsubstrates in an Nilled chamber
this regard, a bilayer approach with SiGhould enable satu_rated with HMDS vapor for 3648 h. PS (5.0, 7.5, 15, or 30 mg/
comparisons of the effects of various polymer surface func- m!"n anhydrous toluene), crosslmkgd-polystyrﬁ(@PS, 1:1yo|ume
tionalizations without complications of differing gate leakage mixture of PS 7.0 mg/mL and 1,6-bis-trichlorosilylhexane in toluene),

h h the diff | diel ic | and PVA (30 mg/mL in Millipore water) were spin-coated onto
currents through the different polymer dielectric lay&rs. substrates at 5000 rpm in the air (relative humidit$0%) and cured

Furthermore, with this approach, transistor performance param-j, a vacuum oven at 86C overnight. FoPS-Ox coating,PS1films
eters on dlﬁerent dle|eCtrIC mOdIfIC&IIOﬂS can be rea“stlca"y were exposed to an oxygen p|asma for a minimal time (5 S, 20 W)
compared over the same range of gate voltage/electric fieldSbefore characterization and subsequent semiconductor deposition. Film
and charge densities accumulated at the semiconductor thicknesses were measured by profilometry (Tencor, P10). Atomic force
dielectric interface, since the relatively thin polymer film can microscopic (AFM) images including rms roughness were obtained
be employed on top of the Sj@nd therefore maintain the total using a JEOL-5200 Scanning Probe Microscope with silicon cantilevers
insulating layer thickness in a similar range. Note that polymeric i the tapping mode, using WinSPM Software. For capacitance
dielectric materials typically require very different film thick- meqsurements, met_a_l-lnsulator-sem|conduct0r (MIS) structures were
nesses (sometimes very thick) to minimize gate leakage, andfab'r'c"’lteOI by depositing gold electrodes (208 x 200m) on the

. . . . polymer-coated p-Si/SiO; substrates. All of the semiconducting
that it is not rare to observe mobility variations with the gate

o . . . -9 materials were vacuum deposited at 2076 Torr (~500 A thickness,
voltage/electric field associated with these thickness variations. 5 5 ass growth rate) while maintaining the substrate temperature at

In the present study, the top polymer layer was chosen/modified ~50 °c. Thin films of organic semiconductors were analyzed by
to provide a wide range of surface/film properties such as the standard wide anglé—26 X-ray film diffractometry (WAXRD) using
chemical functionality, hydrophilicity, and polymer dielectric monochromated Cu & radiation. Semiconducting films were coated
constant. Furthermore, the effect of using polymer layers of with 3 nm of sputtered Au before scanning electron microscopic (SEM)
different thicknesses was investigated. All of the new bilayer imaging using a Hitachi S4500 FE microscope. For FET device
dielectrics were characterized by impedance spectroscopy,fabrication, top-contact electrodes-§0 nm) were deposited by
quantitative leakage current density measurements, advancingvaporating gold (3< 10°° Torr) through a shadow mask with the
aqueous contact angles, and atomic force microscopy (AFM). channe! lengthl) and width ) defined as 10:im and 500Qum,
The effects of dielectric surface modifications on the OSC respectively.

. . . din detail usi binati Electrical Measurements The capacitance of the bilayer dielectrics
microstructure were investigated in detail using a combination was measured on MIS structures using a Signaton probe station

of techniques including AFM, scanning electron microscopy  equipped with a digital capacitance meter (model 3000, GLK Instru-
(SEM), and wide-angle ?(-ray QIﬁracthn .(WAXRD)-. ltwillbe  ments) and an HP4192A Impedance Analyzer. All OTFT measurements
seen that polymer coating of inorganic insulators is a general were carried out under a vacuum¥110-5 Torr) using a Keithly 6430
strategy for strongly modulating electron transport in TFT subfemtoammeter and a Keithly 2400 source meter, operated by a local
devices, whereas hole transport is much less affected. This studytabview program and GPIB communication. Triaxial and/or coaxial
thus demonstrates correlations between OTFT carrier mobility, shielding was incorporated into the probe station to minimize the noise
relative semiconductor FMO energies, and the chemical nature'€vel. Mobilities («) were calculated in the saturation regime using the
of the dielectric surface. Insights into the chemical origin of '€/2tionshif® usa= (2losl)/[WG(Vs — Vr)], wherelps s the source
major charge trapping sites are also provided, and it is showndra.m saturation currenG; is the gate dielectric capacitance (per area),
that iudici hoi f ol i . Vg is the gate voltage, andr is the threshold voltage. The latter can

_a u _'CIOUS choice of po Ymer an Ings can p“me_ any e estimated as theintercept of the linear section of the plot\d§ vs
dielectric surface for organic semiconductor deposition to

(| S 12,
enhance OTFT performance. ?
Results

E i tal Secti . . . . . . . .
xperimental Section This account begins with a discussion of bilayer dielectric

Materials. The semiconductora,w-diperfluorohexylcarbonylqua- fabrication and surface characterization based on advancing
terthiophene PFHCO-4T),2% a,w-dihexylcarbonylquaterthiophene  aqueous angle measurements and AFM. For electrical charac-
(DHCO-4T) 2 o,w-diperfluorohexylquaterthiophenBEH-4T) ** and terization, leakage current and capacitance in MIS structures
o,w-dihexylquaterthiophenéH-4T)**were available in our laboratory 46 then measured and discussed. Next. we describe the

from previous syntheses, while pentacef®)(and hexadecafluoro- ¢y joation and characterization of OTFTs using various semi-
copperphthalocyaninéCliFPc)**" were purchased from Aldrich and conductors and bilayer dielectrics. Finally, semiconductor
purified by multiple gradient vacuum sublimation before use. Polysty- . . o ¢
rene (PSMy, = 280K) and polyvinylalcohol (PVA, Mowiol 40-88\l, growth mechanism and film morphologles/m.lcrostructgres as
= 127k) were purchased from Aldrich and used without further Probed by AFM, SEM, and WAXRD are discussed in the
purification. Prime grade silicon wafers*Si) with ~ 300 nm (-5%) context of correlations between dielectric modifications and
thermally grown oxide (from Montco Semiconductors) were used as Semiconductor film properties.
device substrates. Bilayer Dielectric Fabrication and Characterization. All

Film Deposition and Characterization. All p *-Si/SiO, substrates of the bilayer dielectric samples were fabricated 0rS¥SiO;
were cleaned by sonication in absolute ethanol for 3 min and then by (300 nm) substrates. The top polymer layer was deposited by

. . . spin-coating according to the procedure described in the

(30) ﬁ)xgieﬁhﬂg_%;fé}_go%f;elrggg(g' };’ngcﬂpelf:’%og,f g;‘r?(ﬁ";‘,f S. Experimental Section. The polymers employed in this study are

D.; Cho, J. H.; Hwang, M.; Cho, KAppl. Phys. Lett2005 87, 152105.
(31) de Boer, R. W. I.; losad, N. N.; Stassen, A. F.; Klapwijk, T. M.; Morpurgo,  (33) Yoon, M.-H.; Yan, H.; Facchetti, A.; Marks, T.J.Am. Chem. So2005

A. F. Appl. Phys. Lett2005 86, 0321031/1. 127, 10388.
(32) Jang, Y.; Kim, D. H.; Park, Y. D.; Cho, J. H.; Hwang, M.; Cho, AXppl. (34) Sze, S. M.Physics of Semiconductor blees 2nd ed.; John Wiley &
Phys. Lett2006 88, 072101/1. Sons: USA, 1981.
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Table 1. Properties of the Bilayer Dielectrics Investigated in this
Study Including Top-Layer Film Thickness (D, nm), Dielectric
Surface RMS Roughness (p, nm), Advancing Aqueous Contact
Angle (0, deg), Effective Areal Capacitance (Ci, nF/cm?), Dielectric
Constant (kip), and Effective Dielectric Constant (Kef)

dielectric D P 0 G Keop Keft

BARE 0 0.1 <5 11.4 3.9 3.9
HMDS 0.4 0.1 102 11.4 23 3.9

PS1 24 0.2 92 10.3 2.5 3.8
PS2 31 0.2 92 10.0 2.5 3.7
PS3 71 0.3 92 8.5 2.5 3.6
PS4 150 0.3 92 6.5 2.5 3.3
PVA 115 0.3 45 9.5 7.4 4.5
CPS 13 0.9 40 10.7 2.6 3.7
PS-Oxy 24 0.3 <10 10.3 25 3.8

a Estimated for PDMS polymers (ref 37).

polystyrene (PS), a crosslinked polystyrene blend (CP&hd
polyvinyl alcohol (PVA). Therefore, the following dielectric
structures were fabricated/investigated and are identified here
as the following (Figure 1, right)Bare, p™-Si/Si0,(300 nm)
treated with @ plasma before us¢IMDS, p*-Si/Si0(300 nm)
treated with HMDS vapor before useS1, pt-Si/Si0,(300 nm)/
PS(24 nm);PS2 p™-Si/Si0,(300 nm)/PS(31 nm)PS3 p*-Si/
SiOx(300 nm)/PS(71 nm)PS4 p*-Si/SiG(300 nm)/PS(150
nm); PS-Ox, p*-Si/Si0y(300 nm)/PS(24 nm) treated with an
0O, plasma;CPS, p™-Si/Si0(300 nm)/CPS(13 nmPVA, p*-
Si/Si0y(300 nm)/PVA(115 nm). These samples allow investi-

E (MVcm-)
-3.0 3.0

-1

1
-150 Vg (V) 150

A.

E (MVem™)
g2 30 3.0

PVA

11
-150 \,-'G_ (v) 150

Figure 2. Tapping mode AFM images of: (AHMDS, (B) spin-coated

PS1, (C) spin-coated®S4 and (D) spin-coate®VA films on p*-Si/Si0,
substrates. Insets show leakage current densities as a function of field for
the indicated samples.

interface, since the dielectric surface roughness and gate leakage

gating the effects of a wide range of surface energies, as indexedyrrent are almost identical, regardless of the surface modifica-

by advancing aqueous contact angle measurement data on th
bilayer dielectrics (reported in Table 1), ranging from very
hydrophilic Bare, PS-Ox 6 < 10°), to moderately hydrophilic
(PVA, CPS 0 ~ 40°), to hydrophobic PSnandHMDS; 6 >

90°). The samples offer a variety of surface chemistries and
polymer thicknessesPS14). Note that PS-Ox which is
prepared by exposing?’S1 to an oxygen plasma, exhibits
essentially the same morphology and dielectric properties as
those ofPS1, but with a far more hydrophilic surfacé It will

be shown that these modifications strongly affect the OTFT
response for most of the organic semiconductors examined.

Typical leakage current densities of the surface-modified
substrates are identical to that of pristine-$i/Si0, (Bare),
<107° Alcm? atE ~ 4 MV/cm, as measured in MIS structures
(M = Au, 200 x 200um? contact area). The insets of the AFM
images in Figure 2 show that the current density versus voltage
plots for the thinnestRare,) and the thickestRS4) insulators

gon.

Table 1 also collects the areal capacitant®%) and the
effective/top polymer layer dielectric constant data measured
at 10 kHz for all dielectric samples. Capacitanfequency
plots (1-1000 kHz) shown in Figure 3 demonstrate that all
dielectrics, with the exception oPVA, exhibit very little
dispersion, typically<3 %. TheBare andHMDS dielectrics
exhibit the highest capacitance of 11.4 nFcnesulting in an
effective dielectric constant of 3.9, identical to that reported in
the literature for Si@3% A simple model of two parallel-plate
capacitors in series is reasonably assumed to calculate the
dielectric constant of the top polymer layekof), and the
relationship (the reciprocal additive rule) is depicted in the inset
of Figure 3. The capacitance d®?Sn substrates gradually
decreases from 10.381) to 6.5 nF/cm (PS4 when the top
layer film thickness is increased from 24 to 150 nm. Note that
the plot of PS layer thickness versus reciprocal bilayer capaci-

are identical. This result demonstrates that the leakage currenf@nce is linear, with thg-intercept and slope providing the SiO

densities at the maximum OTFT gate fields employed here
(~3.3 MV/cm) are dominated by the bottom Sifayer. AFM
micrographs of the bilayer films reveal that, with the exception
of CPS (rms roughnes® ~ 0.9 nm), all dielectric samples
exhibit very similar topographies characterized by very smooth
AFM morphologies withp = 0.1-0.3 nm, slightly larger for
the thickerPSn films (Table 1). Representative AFM images

are also shown in Figure 2. Consequently, the differences among

OTFT performance parameters (vide infra) can be mainly
attributed to the chemical nature of the dielectisemiconductor

(35) (a) Menard, M.; Paynter, R. Wsurf. Interface Anal2005 37, 466. (b)
Guruvenket, S.; Rao, G. M.; Komath, M.; Raichur, A. Kppl. Surf. Sci.
2004 236, 278. (c) Koprinarov, |.; Lippitz, A.; Friedrich, J. F.; Unger, W.
E. S.; Woll, Ch.Polymer1998 39, 3001. (d) Murakami, T.; Kuroda, S.;
Osawa, ZJ. Colloid Interface Sci1998 200, 192.

bottom layer capacitance (1/0.08711.5 nF/cm) and kiop Of

the top polystyrene layeikgp, = 2.5), respectively. From the
effective capacitances d&*VA (9.5 nF/cni), CPS (10.7 nF/
cn?), andPS-0x(10.3 nF/cm), the dielectric constants of the
corresponding top PVA (7.4), crosslinked PS (2.6), and PS (2.5)
polymer layers can be calculated. All values are very close to
the bulk dielectric constants reported in the literafiire.
Thin-Film Transistor Fabrication and Characterization.

As discussed in the Introduction, studies on OTFTs fabricated
with bilayer dielectrics (and most of those using a single polymer
dielectric layer) have been limited to pentacene deités28
With the goal of more fully understanding structtigroperty

(36) Handbook of Chemistry and Physi@&SRC Press: R. C. West Ed.: Boca
Raton, FL, 1988.
(37) Khastgir, D.; Adachi, KJ. Poly. Sci. B1999 37, 3065.
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Figure 3. (A) Capacitancefrequency plots for bilayer Si/SiO/polymer dielectrics measured on MIS structures (AC driving voltagg1 V, DC bias
offset= —10 V). (B) Inverse capacitance vs polystyrene top layer thickness plot. I@efs bias plot forPS1(red) andPS4 (green).
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Figure 4. Comparison between tHg versusVg transfer plots (top, forward scan) and the corresponding square réptvefrsusVg plots (bottom) for
Bare- andPSXbased OTFTs for (A) n-channeVé < 0 V) and (B) p-channel\c > 0 V) OTFT operation.

relationships governing diverse organic semiconduetizelec-

since it has been widely investigated and can be used to compare

tric interfaces, the OTFT performance characteristics of six our measurements to literature data on similar dielectric surfaces.
semiconductors on nine bilayer dielectrics were analyzed. The These semiconductor molecular structures cover a broad selec-
semiconductors investigated here (Figure 1, left) were selectedtion in terms of majority carrier type, core architectural

to span all possible combinations of majority carrier transport
types observed on untreated/HMDS-functionalized,%i®lec-
trics and are as follows:i)(N-type. Perfluoro-copperphthalo-
cyanine CuFPo), a,w-diperfluorohexylcarbonyl-quaterthiophene
(DFHCO-4T), ando,w-diperfluorohexyl-quaterthiophenBFH-

4T); (i) Ambipolar. a,w-dihexylcarbonyl-quaterthiophenBIf-
CO-4T); (iii) P-type. a,w-dihexylcarbonyl-quaterthiophene
(DH-4T) and pentacendd) (Figure 1). Pentacene was included

12856 J. AM. CHEM. SOC. = VOL. 128, NO. 39, 2006

characteristics (oligothiophenes, phthalocyanine, and acene), and
core substituent chemical functionalities (fluoroalkyl, alkyl,

carbonyl, F, H). Furthermore, the intrinsic sensitivities of these
semiconductors (especially n-type) to ambient conditions,
primarily O, and HO vapor, are quite different suggesting

different sensitivities to the dielectric surface chemistry and
functionalities. Note that what is meant here by air sensitivity
of an n-type semiconductor is not chemical reaction with air to
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Table 2. OTFT Carrier Mobility («, cm?/(V s)), Current ON—OFF Ratio (lon:lff), Threshold Voltage (Vr, V) and Turn-ON Voltage (Von, V) for
Various Organic Semiconductors on Various Dielectrics

semiconductors?

n-type ambipolar p-type
CuFPc DFHCO-4T® DFH-4T DHCO-4T (n) DHCO-AT (p) DH-4T pentacene

u Vi u Vi u Vi u Vi u Vi u Vi u Ve

dielectrics (/un:/ou") (Von) (Icnzluoﬁ) (Von) (Ion:/uuﬁ) (Von) (Ion:louﬁ) (Vun) (lon:Icoff) (Von) (Iun:louﬁ) (Vun) (Iun:louﬁ) (Vun)
BARE 0.010 17 0.44 19 0.001 50 0.012 50 x¥0® —50 0.022 -9 0.12 -30
(109 (-20) (1) (=8  (109) (28) (10) (5 (19 61 (10 (@) (10 (-9

HMDS 0.011 36 0.38 21 0.005 60 0.22 42 0.002 -78 0.015 -1 0.14 —23

(109 4) (1®) (=6  (10) (10 (10) (14 (10 =71 10) (0 1) (0

PS1 0.007 36 1.7 24 0.026 48 0.70 50 0.0003 —60 0.024 -19 0.43 —24
(109 (6) 1) (6 (10 14 @10 (12 @O (-58) (10) (=14 (10) (-2

PS2 0.008 30 15 25 0.024 57 0.66 51 0.0004 —63 0.025 -—-20 0.43 —24
(109 4) 1 (=4 109 (20 (100 (12 (10 (=67 (10) (=14 (10) (=2

PS3 0.006 42 15 35 0.025 56 0.69 53 0.0004 —80 0.025 -—18 0.43 —28
(109 ®) 1 (1) (18 (10 (14 (@10 (-84 (10) (-6 (10) (-9

PS4 0.005 48 14 47 0.009 60 0.44 61 0.0006 —76 0.025 -—18 0.40 -30
(109 (10) (X () 1o (24 (10) (16) (10) (-78) (10) (=4 (10) (-9

PVA 0.0006 21 11 11 0.002 37 0.11 40 0.0001 —79 0.017 -31 0.027 —-26
(109 4) (1) (=18 (10) @ @ 9 19 (-83) (10) (-22) (10) (-10)

CPS 0.007 28 1.6 22 0.004 60 0.30 42 0.0002 —48 0.018 -10 0.22 —17
(109 4) (10)  (-10) (10) (200 (10) (100 (@06 (=28) (10) (-2 (10) (-4

PS-Ox 0.006 —31 0.067 23 0.0002 39 NA NA 0.0002 —68 0.016 -—-14 0.24 —24
(1) (—36) (1®) (-8  (10) (32 10) (—40) (10) (8 ) 14

aThe dielectric (gate) substrates were maintained &t®Gduring semiconductor film growti.Deposited at room temperatufeNA means not active.

afford a new chemical species. Rather, as we and other groupsmeasurements were performed under a vacusg&O(® Torr),
have previously discussé#, physisorbed @H,O at grain and thel sp— Vg curves were analyzed using the standard metal-
boundaries causes electron trapping and suppression of the TFbxide-semiconductor field-effect transistor (MOSFET) madel.
activity. This is supported by the observation that such OTFT For each semiconductor and bilayer batch, at least 10 devices
devices fully recover their activity if, after exposure to air, they were measured, and no significant5%) variations were
are remeasured in a vacuum. observed from device to device. Figure 4 shows typisalvs

All of the present semiconductor films were grown by vapor Vg plots for all of the investigated semiconductors Bare
deposition under a high vacuumy10-8 Torr) while maintaining (untreated Si@) and PS1 dielectrics. When a number of
the substrate(gate)-insulator temperature atG0DFHCO- conditions are satisfied (e.0/ps = Vg), the channel becomes
4T films were also deposited on bilayer dielectric substrates pinched and the sourearain current enters the saturation
maintained at room temperature since we demonstrated previ-regime. The carrier mobilityus) and threshold voltagevk)
ously that this semiconductor exhibits the greatest carrier can be calculated from the slope and the horizontal intercept of
mobility (on HMDS-treated Si@ dielectric) for this film a linear part inlps sat’? vs Vg plot, respectively, according to
deposition proceduré2 Note that each semiconductor film egs 1 and 2:
deposition on the complete range of dielectric samples was
performed in asingle batchto avoid variations in film growth
conditions. To assess reproducibility, two different bilayer
batches corresponding to two separate monolayer/polymer
preparations were used for semiconductor deposition. The final 1L
“top-contact” OTFT structures (Figure 1, center) were completed Vo= Vs — /= DS 2)
by thermal deposition of Au source/drain electrodes (50 nm ’ WGu
thick, 200 x 5000um? wide), resulting in OTFT devices with ) ) ) ) .
a channel lengthL( of 100 «m and a width V) of 5000xm. whereC; is the capam_tance_ per unit area of the dielectric Ia_yer.
For each semiconductor, two OTFT device arrays, each contain-1Urn-on voltage Yon) is defined as the onset voltage at which
ing 50 devices, were fabricated from each of the two dielectric !psbegins to increase positively (n-type) or negatively (p-type).
batches. The devices were immediately transferred to a locally TO correct for the effects of different dielectric thicknesses and
built vacuum probe station and maintained under a dynamic dielectric constants, device carrier mobilities were calculated
vacuum overnight before electrical characterization. The device for the same range of accumulated charge carriess<(C; -
exposure time to air <5 min) was minimized to avoid V&/€= (4-5) x 10"2cm™?). In the following section, the effect

environmental film doping/deep gas adsorption. All OTFT ©f the bilayer dielectric structure on OSC TFT performance is
described starting from the n-type semiconductors, followed by

(38) (a) Chesterfield, R. J.; McKeen, J. C.; Newman, C. R.; Ewbank, P. C.; da the ambipolar and p-type systems. Table 2 collects the OTFT
SI.NJ&.I E‘L@%ﬂ%r% n’i-'(;gialsbg-'1-9-'2’;3"1'.'9('5)'-#;80%;%’?vAK_;- 580'?{,'81\3'3{-19 performance parameters such as major carrier type, carrier
mobility, threshold voltage, turn-on voltage, and current-on

Stern, C. L.; Katz, H. E.; Marks, T. Angew. Chem., Int. EQR003 42, '
3900. (c) Facchetti, A.; Mushrush, M.; Katz, H. E.; Marks, Tadv. Mater. off ratio of all semiconductors studied for different bilayer
dielectrics.

2
B (avlos) 2L
Hsat=

N | WG @

2003 15, 33. (d) Katz, H. E.; Johnson, J.; Lovinger, A. J.; Li, W.Am.
Chem. Soc200Q 122, 7787.
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The first observation from the data in Table 2 is that all of

and n-type transport with carrier mobilities of 0.22 and 0.002

the semiconductors exhibit the same operational polarity on all cm?(V s), respectively¥?2 Device n-channel operation perfor-

dielectrics, as was previously observed for HMDS-treated SiO
substrated? Furthermore, we do not observe any of the n/p-
type materials to exhibit ambipolar behavior induced by the
dielectric, as reported fd?5 on PVA172From these data it can
be seen that the electron mobility GliIFPc, a well-known air-
active n-type semiconductor, is-0.01 cn®/(V s), almost
insensitive to Si@surface modification. The only exception is
for the PVA-basedCuFPc devices for which the mobility is
about 1 order of magnitude lower than those with the other
dielectrics. Howeverlgn: 1ot Values change substantially, from
~10® on PS-Ox to as high as 10on HMDS, indicating a
variable degree of electron doping (vide infra) typical of this
particular materia#® In contrast, the carrier mobilities of the
air-sensitive n-type materials are far more affected by the
chemical nature of the dielectric surface. Hence, the OTFT
performance parameters of partially air-stati&FHCO-4T

on Bare are similar to those oRIMDS substrates with carrier
mobilities of ~0.4 cn?/(V s) and lonlef Of ~1C8. However,
DFHCO-4T device parameters on the PS-modified S&nd
CPSdielectrics are significantly greater with the OTFT carrier
mobility approaching 2 cfi(V s). Interestingly, the off-currents
are barely affected by the PS modification, resulting in a slightly
increased current eroff ratio from 16 (Bare) to >10° (PSn).

To our knowledge, these n-type mobilities and current offi

mance varies dramatically from as low as being negligible on
PS-Oxand poor orBare (u ~ 0.01 cn#/(V s); lon:loff Of ~107)

to excellent orPSn substratesy(~ 0.4—0.7 cn?/(V S); lonlosf

of ~106—10°), the latter values approaching those of the best
DFHCO-4T-based OTFTs. Similarly tBDFHCO-4T andDFH-
4T-based TFTs, the electron mobility BHCO-4T increases
on proceeding fronPVA (0.11 cn?/(V s)) to CPS (0.30 cn¥/

(V s)) substrates, whilk:l remains in the same range10’—

108). Particularly interesting is the effect of the bilayer dielectric
structure on the p-channel operatiorDHiCO-4T devices. For
this borderline p-type material, TFT hole mobilities vary from
as low as~10"7 cn?/(V s) on Bare to ~0.002 cn¥/(V s) on
HMDS, whereas, for the remaining bilayer dielectric structures,
the values fall in the relatively narrow range (0.6@L006 cn3/

(V s)), regardless of the nature of the polymer modification.
Note that, in contrast to n-channel operati®?§-Ox has no
detrimental effect oDHCO-4T p-channel transport.

As far as p-type semiconductors are concerned, it is observed
in the present work that the performanceDif-4T-based TFT
devices is essentially invariant to the nature of the dielectric,
wheread?5 devices exhibit moderate variations of a magnitude
in agreement with literature observations (vide inffaJhus,
for all dielectricDH-4T TFT combinations, the hole mobility
is ~0.02 cn®/(V s) with lonlof ~107. Pentacene devices on the

ratios are comparable to the largest values reported to date fors@me range of dielectrics respond in a slightly different manner

room-temperature OSC film growth and without mobility
corrections for electrode contact resistafft€ompared to the
PSZlbased devices, significant diminution of transport charac-
teristics is observed fdPVA-basedDFHCO-4T devices g ~

1 cn?/(V s); lonlor Of ~10°%) and an even greater reduction is
measured foPS-Ox devices g ~ 0.07 cnd/(V S); lonloft Of
~10°). Similaru andlonilof trends are observed wh&FHCO-

4T films are deposited at 5T (not shown in Table 2) although
overall mobility values are lower by a factor of-3. Further-
more, similarly enhanced TFT performance is observed for
devices fabricated with thicker PS coating®Sg-4), demon-
strating that the semiconductedielectric interface nature

governs the carrier transport characteristics which are negligibly
affected by the polymer coating layer thickness. This observation

has significant implications for practical applications where it

may be necessary to planarize relatively rough dielectric surfaces

with polymer coatings. In contrast, more air-sensitvEH-

4T, an n-type semiconductor active only in a vacuum or an
inert atmospheré®® exhibits the greatest sensitivity to the
dielectric surface chemistry of the n-type semiconductors
examined. Thus, the electron mobility @FH-4T devices
markedly increases from 0.060.002 cnd/(V s) onBare and
PVA to 0.004-0.005 cni/(V s) onHMDS andCPSto 0.02-
0.03 cn?/(V s) onPSn As observed for the other semiconduc-
tors,DFH-4T devices fabricated witRS-Oxexhibit far lower
mobilities (~10~* cn¥/(V s)). Note that all of the devices exhibit
comparable off-currentsy(10-11 A) and relatively highl on:loff
ratios of ~10°—10'.

Bilayer dielectric-mediated charge transport variations are

even more pronounced for organic transistors fabricated with

DHCO-4T, which is one of the highest mobility ambipolar

than theDH-4T devices, with the carrier mobilities increasing
from ~0.1 cn#/(V s) (Bare and HMDS) to ~0.2 cn?/(V s)
(CPS and PS-Oxy) to ~0.4 cn?/(V s) on PSn Remarkably,
but fully understandably (vide infra), far lower mobilities are
measured foPVA-based devices~0.03 cn#/(V s)). Thelon:

loff ratios of theP5 devices vary fron~10° (PS-Oxy) to as
high as 16 (PSJ). Based on the TFT response characteristics
of DH-4T andP5 on the bilayer dielectrics, the effects of the
dielectric surface modification on hole-transport properties using
various polymeric films orHMDS are seen to be far less
dramatic than the effects of the same range of modifications on
“air-sensitive” electron-transporting TFT properties.

Another informative semiconductedielectric aspect il-
luminated by this study is the influence of the surface dielectric
functionalization on the hysteresis of tHgs—Vg transfer
characteristics, meaning the degree to which Iiecurrent
depends on the direction of the gate voltage swééithough
OTFT current-voltage hysteresis has potential applications in
nonvolatile memory element8this phenomenon is detrimental
to typical OTFT function$! Ips—Vg hysteresis has been
ascribed to charge trapping in deep st&emd/or to dipole
physical rearrangement/mobile ion accumulation at the dielectric
semiconductor interfac®.The exact nature and chemical origin
of these charged states has not been identified, especially in
the case of polymeric insulators. Figure 5 shows representative
transfer plots for both forward and reverse gate bias scans which
demonstrate how surface Si@nodification affectslps—Ve

(39) Gu, G.; Kane, M. G.; Doty, J. E.; Firester, A. Mppl. Phys. Lett2005
87, 243512/1.

(40) Singh, Th. B.; Marjanovic, N.; Matt, G. J.; Sariciftci, N. S.; Schwodiauer,
R.; Bauer, SAppl. Phys. Lett2004 85, 5409.

(41) Uemura, S.; Yoshida, M.; Hoshino, S.; Kodzasa, T.; Kamatalhin-
Solid Films2003 438-439, 378.

semiconductors discovered to date. We reported previously that(42) Knipp. D.; Street, R. A.; Volkel, A.; Ho, . Appl. Phys2003 93, 347.

optimized DHCO-4T-based TFTs otHMDS exhibit both p-
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(43) Rep, D. B. A,; Morpurgo, A. F.; Sloof, W. G.; Klapwijk, T. M.. Appl.
Phys.2003 93, 2082.
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Figure 5. Comparison of forward and retui versusVg transfer plots for TFTs fabricated with the indicated OSfelectric combinations. Arrows

denote gate bias sweep direction.

Table 3. Hysteresis (AVg, V) and Subthreshold Voltage Swing (S, V/dec) Data for the Semiconductor—Dielectric Combinations Employed in
this Study

semiconductor
n-type ambipolar p-type
CuFPc DFHCO-4T DFH-4T DHCO-4T¢ pentacene DH-4T
dielectric AVg S AVg S AVg S AVg S AVg S AVg S
Bare 2 16.7 30 3.7 13 3.4 60 6.3 15 2.6 17 2.8
HMDS 2 9.1 28 3.2 30 3.2 25 1.8 3 2.0 6 2.4
PS1 1 5.6 7 1.5 2 1.7 12 1.6 3 1.6 5 2.0
PVA 5 10.9 15 2.9 2 4.3 38 2.8 18 2.3 12 2.7
CPS 2 5.6 14 1.3 12 3.8 30 2.9 5 1.2 10 2.7
PS-Ox 4 50.0 60 4.0 22 10.0 NA NA 5 10.3 15 9.1

aThe hysteresisAVg) estimated by maximum gate voltage shift between the forward and backward sweep at bgixéss = 100 V) in lps vs Vg
plot.

hysteresis. As a measure of hysteresis magnitude, we introducesemiconductors, th€uFPc-based devices exhibit the lowest
the maximum gate voltage shifd{/c = VR — VgF) at a given hysteresis with a maximumVg = 4-5 V on PVA andPS-

Ips. The hysteresis data are collected in Table 3. From theseOx. Much largerlps—Vs hystereses are observed for n-type
data there are several informative trends to note. Fix% DFHCO-4T andDFH-4T and ambipolaDHCO-4T (n-channel
invariably exhibits the same sign, independent of the semicon- operation) especially oRS-Ox(AVg = 22—60 V), Bare (AVs
ductor—dielectric combination. Second, the extent of kg =13-60 V), andHMDS (AV; = 28—30 V). Typical hystereses
change from that for th&are-based TFTs is similar for all ~ for p-type semiconducto®5 andDH-4T are generally lower
semiconductors, independent of the operation polarity, exceptthan those observed for the air-sensitive n-type materials. The
for the CuFPc OTFTs. Third, the greatea&tV/s variations are largest values for p-type semiconductors are measured for the
observed when compari®S1lversusPS-Oxdevices, with the Bare andPVA substratesAVs = 12—18 V), whereas hysteresis
former exhibiting the smallest variations. Among the n-type is strongly suppressed dAS1and HMDS (AVg = 3—6 V).

J. AM. CHEM. SOC. = VOL. 128, NO. 39, 2006 12859
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films grown on the indicated gate dielectrics. Scale bars denata.1

SubstantialAVg values are also observed fDH-4T on CPS whereas, for more hydrophobic substrates suclP@% and
andPS-Ox (AVg = 10 and 15 V, respectively). HMDS, crystallites with substantially reduced dimensions form
Semiconductor Film Growth Mechanism and Film Mi- (0.1-0.2 um?). It will be shown that, for some of the other

crostructural Characteristics. Microstructural information is ~ semiconductors, even greater thin film morphological variations
essential to understanding the origins of the observed dielectric-with dielectrics are observed (vide infra).
dependent TFT response variations. To address these issues, These results strongly suggest that different semiconductor
we must first understand if the largest mobility variations, film growth mechanisms are involved on different dielectric
primarily observed for the air-sensitive n-type materials, are due surfaces, which can be associated with formal Stranski
to differences in charge trapping within the semiconductor film Krastanov and VolmeaWeber mode$* The former mecha-
or at the semiconductetdielectric interfaces having different  nism is invoked when molecutemolecule interactions are
chemical properties or to a combination of both. The former weaker than molecutesubstrate interactions, whereas, in the
should be largely governed by both) ifitrinsic semiconductor  latter, molecule-molecule interactions dominate. Note that a
molecular/film properties (FMO spatial and energetic charac- film growth characteristic of many oligothiopheriess the
teristics, impurities, level of bulk molecular self-organization) tendency to form large (single) crystal plates extending along a
which can reasonably be considered to be constant within thecrystallographic plane more or less orthogonal to the molecular
dielectric series, since the semiconductor films were grown long axes. This molecular arrangement maximizes corer
simultaneously in the same batch, aijlthe dielectric surface  stacking, which represents the dominant cohesive force in these
which should strongly influence the semiconductor film growth molecular solids. Thus, the combination of these factors governs
morphology (monolayer/bulk molecular ordering, crystallinity, semiconductor film nucleation and evolution. In the initial film
density of nucleation sites and grain boundaries, molecular growth stageDHCO-4T molecules impinging upon thBare
alignment). To a first approximation, the latter effects should andPS-Oxsubstrates form nanoscopic nucleation sites that, due
be dominated by the dielectric characteristics and the processingo the poor affinity of the hydrocarbon chains for the strongly
history/conditions of the dielectric top surface, hence by bulk/ hydrophilic surface, migrate and eventually coalesce laterally
interface chemical functionalities. Furthermore, in addition to to form large grains. In contrast, in the case of hydrocarbon-
TFT performance changes, for most of the oligothiophenes functionalizedPS1 and HMDS dielectrics, everyDHCO-4T
investigated here, the interesting question arises as to whethenucleation site is sufficiently stabilized by the hydrophobic
the film growth process is similar to that observed for widely interaction with the dielectric surface to grow and form a large
studied pentacene, where different substrate-dependent nuclenumber of small crystallites. However, as argued by the SEM
ation kinetics induce dramatic variations in film morphology images, th@HCO-4T bulk film microstructures are practically
and microstructuréé—21 identical for all substrates. To understand the origin of this result
The ambipolar semiconductBHCO-4T exhibits the greatest ~ and the correlation between charge transport in OTFT semi-
substrate/dielectric-dependent electron mobility variations among conducting layers and morphological differences near the
the semiconductors investigated here, and the film growth semiconductordielectric interfaceDHCO-4T film growth on
properties will be discussed first. Figure 6 shows AFM and SEM the various bilayer dielectric layers was sequentially monitored
images on four dielectrics for very thinrv@.0 nm nominal ~ from ~0.5 ML to ~2 ML by AFM. That TFT charge transport
thickness,~0.5 ML, ML = monolayer) and thick450 nm) is confined in close proximity to the dielectric interface has been
vapor-deposite®HCO-4T films. The great similarity between  suggested; and Dinelli for a-sexithiophen®’® and Muck for
the SEM pictures raises the possibility that thick film morphol-
ogies may not provide significant information on film growth (44) S“fTI‘:'”,‘\ie"?v- \'(-&ka?'%'gg‘ (:Dheapp?:'rt'g_”- Principles and PracticeMcGraw
mechanisms nor accurately represBRtCO-4T film morphol- (45) Fichou, D.J. Mater. Chem2003 10, 571 and references therein.

i in inti i H ; (46) Dodabalapur, A.; Torsi, L.; Katz, H. Sciencel995 268 270.
ogies in intimate contact with the dielectric surface. In contrast, (47) () Dinelli F.: Murgia. M Levy. P.: Cavallini, M.: Biscarini, Phys.

the AFM images reveal that, for strongly hydrophilic, high Rev. Lett.2004 92, 116802. (b) Muck, T.; Wagner, V.; Bass, M.; Leufgen,

B : - J.; Geurts, J.; Molenkamp, L. VBynth. Met2004 146, 317. (c) Ruiz, R;
surface energy_ dielectric surfaces sucBase a_ndPS _Ox Iarge Papadimitratos, A.; Mayer, A. C.; Malliaras, G. &dv. Mater.2005 17,
DHCO-4T grains ¢0.5um?) form on the dielectric surface, 1795.
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Figure 7. Atomic force microscopic images &fHCO-4T films of different thicknesses grown @are andPS1substrates. The insets show height profiles
across indicated portions of the surface. All scan areas ama X 2 um.

dihexylquaterthiopheré’ clearly demonstrated that the firsttwo ~ um?) are formed on very hydrophili@are and PS-Ox sub-
molecular layers on the dielectric dominate TFT carrier mobility. strates, where the correspondibg-H-4T TFTs exhibit the
More recently Malliaras has shown that carrier mobility saturates lowest carrier mobilities. However, in contrast to the previous
at about six monolayers for pentacene TE™s. semiconductors an®H-4T (vide infra), the DFH-4T sub-
Figure 7 (left) shows AFM images 0f0.5 ML DHCO-4T monolayer to multilayer transition (shown in Figure 8A R81)
films on Bare (large grains) and®S1 (small grains). With occurs before the first layer is completely filled. Note that a
increasing film thickness, both small and large grain8ane very similar film growth pattern is observed on all the other
and PS1 samples, respectively, eventually coalesce to form dielectrics, demonstrating again that the large electrical param-
generally uniform first and second layers before the onset of eter variations inDFH-4T OTFTs are not due simply to
bulk film growth. Interestingly, despite the presence of the different semiconductor film morphologies. From a completely
perfluoroalkyl chains, a very similar growth process is observed different perspective, the same conclusions can be drawn when
for DFHCO-4T as compared tdOHCO-4T (See Figures S1  analyzingDH-4T film growth. Note that it has been reported
and S2). These growth mode data are further supported bypreviously that ultrathinDH-4T films tend to grow two-
WAXRD experiments (vide infra). Therefore, the principal dimensionally on Si@with very uniform and large grains, and
differences inDHCO-4T and DFHCO-4T TFT performance that the first two monolayers of this particular semiconducting
on the different dielectrics is not dominated by different film material dominate field-effect mobility in the bottom-contact
growth modes or interfacial morphological variations on the TFT configuration'® In contrast taDFH-4T, very large differ-

dielectric surface sincall the dielectrics affordvery similar ences in the initial film growth pattern are observed -
semiconductor film microstructurésr thicknesses 6 nm (~2 4T, the details of which depend on the particular bilayer
ML) of interest for TFT transport. structure (see Figure 8B). However, all flms on the different

Particularly instructive is the comparison of the first few bilayer structures exhibit similar morphological transitions from
layers of growth/morphology for perfluorohexyl-substituted submonolayer to bilayer to bulk film (shown in Figure 8-bottom
quaterthiophene FH-4T) versus the corresponding alkyl- for PS1). Note that the dielectric surface dependent differences
substituted quaterthiophengH-4T), as shown in Figure 8. The  between the initial film growth mechanisms (up t®2 ML)
former material is an n-type semiconductor, and its TFT are the greatest fdDH-4T among the oligothiophenes inves-
performance is strongly affected by the dielectric surface tigated. However, note that the hole mobility fBH-4T is
modifications, whereas the latter is a p-type semiconductor andcompletely unaffecte@dgain arguing for predominant molecular
its TFT performance is essentially invariant to the dielectric control of the OTFT parameters for this particular semiconductor
surface modification. The bulk morphologies BFH-4T and (vide infra).

DH-4T are quite different (see SEM images in Figures 8, S3,  Some aspects of the influence of dielectric surface function-
and S4). The former is characterized by well-interconnected alization, as well as other film deposition parameters, on the
elongated grains, while the latter exhibits very large crystallites morphology of pentacene an@uFPc films were recently
separated by deep channels. For each semiconductor, similareported'” For these systems, we find morphological variations
morphologies are observed for the thick films on the remaining in the present study that are similar to the previous reports with
dielectrics (not shown). It is anticipated that the fluorocarbon some informative exceptions. Typically, when submonolayer
chains ofDFH-4T will have poor affinity for both hydrophilic P5films exhibit a large (small) number of nucleation sites, this
and hydrocarbon-functionalized surfaces. Therefore, submono-invariably gives rise to the formation of small (large) grains
layerDFH-4T films on all dielectrics are characterized by very for the bulk films with more (less) grain boundar®@sFigure
large two-dimensional plates spanning several microns. Interest-
ingly, the largest and most continuous submonolayer graifs ( (48) Muck. T.; Fritz, J.; Wagner, VAppl. Phys. Lett2005 86, 232101-1.
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i B
DH-4T b
~1 ML ->1 ML II-

Figure 8. AFM (0.5— ~1.5 monolayer) and SEM (50 nm thick) images of @§H-4T and (B)DH-4T films on the different dielectric substrates. Images
in the lower row represent semiconducting films thicker than 0.5 monolayer. All scan areagigrex 2 um.

i N & ]

Figure 9. Scanning electron microscopic images of (2§ (pentacene) films oRPS1landPVA and (B) CuFPc films on PS1andPVA. Scale bar denotes
1 um. Insets are images of water drops on semiconducting films for contact angle measurement.

9A shows SEM images for 50 nm thidk5 films deposited on acene-functionalized surface such as polystyrene. A similar
PS1and PVA, which indicate that this material exhibits the phenomenon has been reported for pentacene TFTs fabricated
greatest dielectric surface-induced bulk morphological changeson a phenyl-containing monolayer gate dielectric for which good
within the present semiconductor series (see also Figures S5pentacene self-organization and mobility were meastfred.
and S6). Although all thickP5 films exhibit the formation of ~ N-channelCuFPc films grown at relatively low temperature

typical terraced features, the grain sizelMDS (not shown) (<100 °C) are invariably characterized by very small crystal-
and onPS1 substrates is much larger{x and 5x, respec-

; ; i (49) Halik, M.; Klauk, H.; Zschieschang, U.; Schmid, G.; Demh, C.; Schutz,
tively) than those observed dPVA. A plausible explanation M.; Maisch, S.; Effenberger, F.; Brunnbauer, M.; StellacciN&ture2004

for the large grains on PS is the affinity of pentacene for an 431, 963.
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Figure 10. WAXRD 6—20 scans for the indicated organic semiconductor (50 nm thibkayer dielectric combinations.

lites 0 Similar results are observed here f@uFPc films
deposited on the other bilayer dielectrics. The greatest crystallite the semiconductor films. This is a clear demonstration that water
size variations, still relatively small comparedR5 films, are
seen again when comparindMDS (not shown) andPS1
dielectrics/substrates t&#®VA. CuFPc films on the latter
dielectric exhibit the formation of a large number of flakes with
2—3x smaller grain size (Figure 9B-right).

Equally substantial evidence for dramatically differBstand
CuFPc film morphologies orPVA compared to those oRS1
is revealed by advancing agueous contact angle measurementfound to be as follows:~90° (DH-4T), ~100° (DHCO-4T),
on surfaces of the semiconductor films. As shown in Figure 9, ~110° (DFH-4T), ~130° (DFHCO-4T). Since water cannot
the wettability ofP5 films is very different on going fronPS1
(as well as the other dielectrics) #VA substrates, sincé
changes from-85° to ~20°. CuFPc behaves similarly, witt®
being ~95° for all dielectrics with the exception d?VA (0
~25°). Furthermore,f decreases even more with time, and

(50) (a) Oh, Y.; Pyo, S.; Yi, M.-H.; Kwon, S.-KOrg. Electron.2006 7, 77.
(b) Basova, T.; Kol'tsov, E.; Hassan, A.; Tsargorodskaya, A.; Ray, A,
Igumenov, I.Phys. Stat. SoR005 242, 822.

eventually the water drops spread completely and delaminate

can easily penetrate between tR& or CuFPc grains and
dissolve the PVA coating beneath. Hence, the channels between
grains are deep and reach the PVA surface. Note that this is
not a peculiarity of all thé®VA/semiconductor structures (PVA

is water-soluble), since, in the case of the semiconductor films
other than pentacene a@uiFPc, the contact angle is essentially
independenbf the underlying dielectric layer and time and is

reach the dielectric surface, this is clear evidence that, for all
of the present oligothiophene semiconductors, all bilayer
dielectric surfaces are covered by (at least) a completely filled
molecular layer.

To further investigate film semiconductor microstructure and
degrees of texture, WAXRD measurements were performed for
all semiconductordielectric combinations. Figure 10 shows
6—26 scans and the correspondindyspacings. With the
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exception of pentacene, all of the organic semiconductor films thickness grown on the other substrates, indicating that both
on the different dielectrics exhibit a single progression of equally P5 andDH-4T on PVA exhibit less ordered film microstruc-
spaced Bragg reflections. Thiespacing patterns of the ambi-  tures.
polar/n-type materiald<JHCO-4T (34.3 A), DFHCO-4T (29.2 To summarize these observations, the morphology and
A), DFH-4T (30.2 A), andCuFPc (14.2 A)] are completely microstructure within the air-sensitive n-type/ambipolar semi-
insensitive to the dielectric functionalization and are identical conductors are rather insensitive to the dielectric layer surface,
to the values observed for HMDS-treated S#bstrates? For whereas the TFT charge transport is extremely sensitive. In
all semiconducting films in the present study, a general trend contrast, the air stable n-type and p-type materials exhibit
has been observed in the maximum intensities of each semi-relatively modest dielectric-related TFT performance alterations
conductor film (of identical thickness) WAXRD scan on the despite the much greater variations in semiconductor film
various bilayer dielectrics falls in the order B6-Ox > Bare morphology, crystallinity, and molecular orientation.
~ HMDS > PS~ PVA. Importantly, the highest and lowest
degrees of texture in air-sensitive n-type semiconductor films
onPS-OxandPSPVA, respectively, are not directly correlated The present results for OTFTs fabricated on bilayer dielectrics
with the apparent device performance trends (Tablew > > having diverse surface chemical functionalities and using a broad
Uups-ox). Considering that for the air-sensitive n-type semicon- range of organic semiconductor types provide new insights into
ductors, each type of semiconductor film on the various bilayer critical relationships between OTFT performance parameters and
structures is prepared in a single batch leading to the same filmsemiconductor molecular/electronic structure, semiconductor
thickness, and that the maximuin-26 scan intensity variation  film microstructure evolution, growth mechanism, and dielectric
on different bilayer structures is relatively small (within a factor surface characteristics. Although it is not always possible to
of 2—5), this provides additional evidence that their transistor unambiguously differentiate among the relative contributions
performance variation can be ascribed to differences in semi- of all of these interconnected effects, this investigation provides
conductor-dielectric interface chemical properties rather than clear evidence as to which of the aforementioned effects
to the film morphology/microstructures (vide infra). In contrast, dominates for devices fabricated with most semiconduetor
the intensity of the WAXRD scans of the air-stable n-type and dielectric combinations. In the following discussion we focus
p-type semiconductors d?VA is significantly lower by a factor on relationships between OTFT performance and dielectric
of 50—100 than those on the other dielectrics as indicated in surface chemistry.
Figure 10, while the overall maximum intensity variation on Since unfunctionalized SiQs the substrate from which all
various bilayer dielectrics follows the tref5-Ox > Bare > of the functionalized/bilayer dielectrics are fabricated, we use
HMDS > PS>> PVA. Especially, in the case @uFPc on this insulator as a reference point to better understand the origins
PVA, the first-order diffraction peak exhibits not only substan- of performance variations. In the case of carrier mobility, to
tially less intensity but also a twice larger full width at half- clearly visualize changes, we introduce the enhancement factor
maximum (fwhm~ 0.4° in 20) than the same semiconductor 7 = ux/ugare defined as the ratio of the field-effect carrier
films on the other bilayer dielectrics, indicating a poorly ordered mobility observed for a certain bilayer structutgux) and that
film microstructure orPVA. The poor crystallinity ofCuFPc, measured on thBare (ugare SUbstrate. These results are plotted
DH-4T, andP5films on PVA as revealed by WAXRD can be  in Figure 11A for all of the semiconductors investigated. It can
correlated with the relatively poor performance of the corre- be clearly seen that increases on average when moving from
sponding TFT devices (Table 2). the sides to the center of the plot, hence from the less
In addition to the relatively low degrees of film texturing, ~air-insensitive n-type and p-type semiconductors to the more
DH-4T and P5 films on PVA exhibit different molecular sensitive n-type and ambipolar materials. Therefore, there is a
orientations from those observed on the other dielectric surfaces distinct correlation between the dielectric surface chemistry and
DH-4T WAXRD scans exhibit a single set of reflections; the empirical sensitivity of the semiconductor majority carrier
however, thel-spacing calculated for films grown VA (29.3 type .to ambient. Figurg 11B plots the electrochemically derived
A) is significantly larger than that found on all of the other frontier molecular orbital energy levels (HOMO and LUMO)
substrates (28.3 A), demonstrating a different growth mode. for the semiconductors employed in this study. Note that the
WAXRD 6—26 scans of theP5 films reveal an interesting  OW-Iying LUMO and high-lying HOMO molecules are gener-
dielectric-promoted microstructural transition, the details of lly those exhibiting the least sensitivity to the nature of the
which will be discussed elsewheteBriefly, P5films onps1 ~ dielectric surface. Consequently, the utility of employing OSCs
andPS-Oxare characterized by an almost phase-pure film, with N@Ving progressive variations in MO energies to probe semi-
ad-spacing of 15.4 A, whereas WA evidence of a different cond_uctOi_LdleIectnc interfacial properties finds experimental
single phase is observed with = 14.5 A, and these two confirmation. _ - _
d-spacings correspond to the so-called, previously identified 1€ general trend in OTFT mobilties as a function of the
“thin film” and “bulk’ pentacene phases, respectivétyNote various pllayer d|electr|(?s can be summarlzgd by the following
that the WAXRD scans d®5 films on HMDS andBare exhibit observations: (1) For air-stable n-type semiconductors such as
the presence of both phases with comparable diffraction CUFPC @s well as cyanated perylene derivati@OTFT
intensities. To a greater extent, the films of the p-type materials performance parameters are relatively insensitive to the dielectric

on PVA are characterized by Bragg progressions with far (52) We have synthesized [Jones, B.; Ahrens, M. J.; Yoon, M.-H.; Facchetti,

smaller intensities and broader widths than those of the same  ~ A.: Marks, T. J.; Wasielewky, M. RAngew. Chem., Int. EQ2004 43,
6363] and investigated a number of alkyl-substituted cyanated perylenes
and found very little change in carrier mobility on different dielectrics.
(51) Kim, C.; Facchetti, A.; Marks, T. J. Manuscript in preparation. Jones, B.; Wasieleswky, M.; Marks, T. J. Manuscript in preparation.

Discussion

12864 J. AM. CHEM. SOC. = VOL. 128, NO. 39, 2006



Organic Field-Effect Transistor Performance Correlations ARTICLES

A n-type ambipolar p-type
" 100 = > < >
10§ ]
o F ;
“ [ -
=3 ;
= 1 1 | E— ;
Sf . ]
0.1 ]
0.01
CuFPc DFH-4T DHAT
DFHCO-4T DHCO-4T -
. 2.0
3'0 EEEN LL L [
$4.0. -u-en EEEEEEEESR ]
‘9’ . LUMO (LT -
w 5.0
6.0 | HOMO | — — T —————— ——— -
7.0 CuFPc DFH-4T DH-AT
DFHCO-4T DHCO-AT P5

Figure 11. (A) Histogram showing the mobility enhancement rajic= ux/usare and (B) Electrochemically derived FMO energy levels for the organic
semiconductors investigated in this study. The crosshatched bars denote semicertlielettiric combinations for which the largest variations in semiconductor
film morphology are observed.

surface (0.7< ncurpc < 1.1), with the reasonable exception of where q is the charge on an electron, or by the difference
PVA (vide infra). (2) The n-type mobilities and current-en betweenvr andV,, in the same devicenfap = [Ci(VT — Von)l/

off ratios of air-sensitive n-type semiconductors suctD&s g).%° Note thatVy is a fitting parameter derived fronhgs)/2 vs
HCO-4T, DFH-4T, and ambipolaDHCO-4T vary substan- Vg plots and can vary substantially, depending on the applied
tially (0 < 7n-ype < 100) with the nature of dielectric surface, gate bia$® especially when OTFT devices exhibit gate-bias
and the performance enhancement is most pronounced in thedependent mobility, gate stress effects, and/or hysteresis. In
n-type mobility of DHCO-4T films on PSndielectrics. (3) The contrast, the subthreshold swin§) hould be less dependent
effects of bilayer dielectrics on the p-type semiconducting on the aforementioned artifadts.Regarding the electrical
properties oDH-4T andP5 are minimal (0.8< #p—ype < 1.3, properties of dielectrie semiconductor interfaces in TFT devices
with the exception oPVA-P5 wherenps = 0.2) even orPSn having different dielectric structures, the maximum density of
and PS-Ox which induce dramatic mobility increases and traps can be estimated from e§®%3:

decreases, respectively, in the air-sensitive n-type devices.

In the present study, considering that each semiconductor is N — E[qSIog e_ 1] ©)
simultaneously grown on the various bilayer dielectric layers P gl kgT

in a single batch and that great similarities have been demon-

strated in semiconductor film morphologies and microstructures, wherekg is Boltzmann’s constanfl is temperatureg is the

it is reasonable that the observed performance differences forbase of the natural logarithm, a@lis the areal capacitance of
each semiconductor set can be largely attributed to differencesthe dielectric structure. The estimated trap densities for the
in the details of the dielectriesemiconductor interface chem-  various semiconductor dielectric pairs are depicted in Figure
istry. As shown from variable-temperature mobility studies on 12. When bulk trap densities in the semiconductor layer are
n-channel organic transistors, the charge transport in thesesimilar among different dielectrics or are far less than interface
materials is largely limited by poorly understood charge tfps, trap densities, the trend in trap density estimated from eq 3 can
in contrast to the coherent bandlike transport operative in most be ascribed mainly to trapped charges at the semicondtctor
inorganic semiconductors. These traps are thought to bedielectric interface and used as the maximum estimated interface
localized at chemical/physical defects, at semiconductor grain trap density?’? In the present study, this is a valid assumption
boundaries, and/or at the semiconduetdielectric interfacé3

Trap density changes can be estimated by relatjvehifts with (55) ggtﬁgzgfhé_'fhgghﬁ'df‘a:j N ggg[&‘i%'?-/&g‘;’l'_d&?g%%i Sancagh. b

respect to that in reference samplesng., = (CiAV7)/g),>* (56) Ryu, R.; Kymissis, I.; Bulovic, V.; Sodini, C. GEEE Electron Deice
Lett. 2005 26, 716.
(57) (a) Unni, K. N. N.; Dabos-Seignon, S.; Nunzi, J.-8.Mater. Sci.2006

(53) Newman, C. R.; Frisbie, C. D.; da Silva Filhoqq, D. A.; Bredas, J.-L.; 41, 317. (b) Rolland, A.; Richard, J.; Kleider, J.-P.; Mencaraglia,JD.
Ewbank, P. C.; Mann, K. RChem. Mater2004 16, 4436. Electrochem. Soc1993 140, 3679.

(54) Wang, A.; Kymissis, |, Bulovic, V.; Akinwande, |. AEEE Trans. Electron (58) McDowell, M.; Hill, I. G.; McDermott, J. E.; Bernasek, S. L.; Schwartz, J.
Devices 2006 53, 9. Appl. Phys. Lett2006 88, 073505/1.
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Figure 12. Histogram showing the maximum estimated (according to eq 3) interface trap deffigs| for various semiconducterdielectric combinations.

The dotted plots for CuFPc denote that this semiconductor exhibits substgntiairents indicating unintentional electron doping. Similarly, the crosshatched
lines for DH-4T/PS-Ox and P5Y/PS-Ox are due to stress at the higx currents (extra mobile holes) recorded for these devices due to dielectric electron
trapping (see text).
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Figure 13. Schematic diagram of functional group electron trapping efficiency on various bilayer dielectric layers.

for the air-sensitive n-type semiconductors and p-tp&4T mobilities exhibit the lowest interface trap densities dfs-
in view of the similarities demonstrated in the semiconductor Ox devices with the lowest mobilities exhibit the largest
film properties. Therefore, a recognizable correlation might be interface trap densities.
expected between the mobility enhancement effects and the Although the nature of interface traps is doubtless dependent
estimated trap densities, in turn dependent on the dielectricon intricate microstructural details of the interaction between
surface modifications. In the following, we discuss, first, OTFT the semiconducting and dielectric layers, the interface trap
devices based on high-lying LUMO n-type semiconductors density can be qualitatively understood from a chemical
which exhibit significant modulation of device performance via perspective (Figure 13). It is known that, in the absence of
dielectric surface modification, followed by analysis of the air- special surface modificationsBare substrates exhibit an
stable n-type and p-type devices. interface trap density of~10'2 cm~2 which is principally
Interestingly, it can be seen that similar trap density patterns attributed to interfacial chemical functionalities/species such as
are observed among the air-sensitive n-type semiconductorsSi—OH, in conjunction with adsorbed 8, and adventitious
although trap density comparisons using eq 3 are formally valid carbon contaminatio??.?® Such chemical defects can affect
only for transistors having identical semiconductors. The charge transport by deep-trapping/doping and/or by scattering
apparent trend is th&S-Oxexhibits the greatest trap densities carriers at the semiconductedielectric interface, and this effect
followed by Bare or PVA, while CPS and PS1 exhibit the is reflected in device performance parameters. Such interfacial
lowest densities. In addition, the trend in interface trap density effects are important in organic semiconductor-based devices
as a function of bilayer dielectric structure exhibits a close since the charge transport process is believed to occur within
correlation with TFT mobility for the n-type semiconductors the very first few semiconducting layers in proximity to the
having high-lying LUMOs. Thus, in the case DFHCO-4T, (59) Alexandrova, S.; Sxekeres, Rhys. Status Solidi 2001, 187, 499.
DFH-4T, and DHCO-4T, PS1 devices with the highest (60) Olthuis, W.; Bergveld, PEEE Trans. Electr. Insull992 27, 691.
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gate dielectrid® Note that the chemical functionalities depicted necessarily mean complete surface covefadgeurthermore,
in Figure 13 should preferentially trap electrons (rather than recent X-ray photoelectron spectroscopic studies of HMDS
holes) leading to mobility suppression in n-type semiconductors, SiO, surface modificatio?? demonstrate that, even after careful
and that for p-type semiconductors the principal outcome is HMDS treatment, adventitious carbon contamin&hiscluding
introduction of extra holes at the semiconduetdielectric some carbonyl groups, which are efficient electron traps (vide
interface for charge balance and a positive shift3° The infra), still remain. In contrast, surface modification with
importance of controlling interface traps was demonstrated in electrically “inert” and relative thick PS coatings 24 nm vs
the realization of ambipolar pentacene TFTs. Thus, Ahles et <1 nm for HMDS) should completely cover the Si€urface,
al. reported that substantial n-type activity in pentacene TFTs contain minimal pinholes, and more effectively cover/passivate
is enabled by compensating electron traps at the semiconetuctor “trap-generating” surface functionalities without significant
dielectric interface via introduction of an ultranthin Ca layer changes in surface morphology & 0.3 nm). Note also that
between the pentacene and gléyers®! More recently, Chua  the LUMO level of PS, estimated from the electrochemical
et al. reported that n-type activity in known p-type semiconduc- reduction potential of benzeféjs ~ —1.5 eV, too high to act
tors (e.g., F8T2) is stabilized by passivating surface electron- as an electron trap.
trapping silanol groups (SiOH) on the SiQ dielectric and Self-assembled monolayers having phenyl or fused-arene
suggested that their electron affinity i63.9 eV Note that  termini on SiQ dielectric surfaces are claimed to stabilize charge
the LUMO energies of air-sensitive n-type semiconductors transport in pentacene OTFTs. Pernstich et al. reported that
DFHCO-4T, DFH-4T, and DHCO-4T lie very close to or  pentacene TFTs on SiGnodified with self-assembled mono-
above the negative of this value, while that of air-stable n-type |ayers having pendent phenyl groups exhibit low off currents
CuFPcis far lower (Figure 11B). Indeed, the mobility enhance- and low subthreshold voltage swingslt was reported that
ment observed on passivating trap-active SsOrfaces using  pentacene transistors based on phenyltrichlorosilane-modified
HMDS vsBare is significantly more pronounced for semicon-  dielectrics exhibit good hole mobilities<(0.7 cn#/(V s)) and
ductors with higher LUMO energieDEHCO-4T < DFH- low off current levels (1012 A) at zero gate bias, in contrast to
4T, DHCO-4T), while CuFPc exhibits very similar mobilities devices on self-assembly modified SiQsing phenyl groups
on Bare and HMDS (Figure 11A), implying that electron-  with electron-withdrawing, dipolar substituefitdviore recently,
trapping on surface-modified dielectrics is related to the ambient SjO, dielectric surface modification with self-assembled an-
sensitivity/LUMO energies of n-type semiconductors and to the thracene layers has also been reported to reduce charge trapping
chemical nature of the dielectric surface. Note that although it state densities as well as subthreshold voltage swihdhbe
was previously suggested that elusive n-type organic semicon-interaction between arene-modifed surfaces and organic semi-
ductor behavior is governed by interface traps, especially on conducting films is not fully understood; however we hypoth-
Si0;040 the present analysis is, to our knowledge, the first study esize that similar interactions may occur between semiconductor
to explicitly relate dielectric surface chemistry to OTFT and PS layers, considering the chemical similarities. Although
performance enhancement via the semiconductor FMO energetspin-coated PS layers are expected to have more random
ics and interface traps. In the following, we address the orientations of phenyl substituents with respect to the surface,
suppressed/enhanced device performance on other dielectrighis “soft” surface may better conform to semiconductor crystal
structures from the standpoint of surface chemistry and interfacegrowth patterns, and the surface coverage should be complete
trap energetics. with minimal pinholes, in contrast to self-assembled systems
The very significant interface trap reduction &tn is where incomplete coverage or local structural defects may
supported by several mechanistic arguments: (1) effective occur6?
passivation of surface chemical defects with a very smooth  Ag shown in Figures 11 and 1RVA-based devices exhibit
morphology and minimal nanoscopic pinholes, (2) possible |ower enhancement factorg)(and higher trap densities than
stabilization of charge carriers at the dielectric interface by ps_pased devices. One possible explanation concerns the
aromatic cores. Regarding improved device stability and jnfluence of the dielectric constant. Veres et al. proposed that
performance, M¢Si-terminated HMDS-treated dielectric sur-  amorphous semiconducting polymers exhibit higher performance
faces have been shown to generally enhance OTFT perfor-parameters on polymeric insulators with low dielectric constants
mance?* This strategy has been extended to dielectric surface than on those with high dielectric constants, and argued that
modification using long-chain organosilanes such as octade-|ocal polarization effects in high dielectric constant polymers
cyltrichlorosilane (OTS}> The origin of the device performance  may induce the localization of carrier states by dipolar discitler.
improvement by this organosiloxane interface modification is sych dipolar disorder effects were also proposed in OTFTs using
doubtless the substantial reduction in electron-trapping silanol polycrystalling® and single-crystalline organic semiconductrs.
density on the Si@surface without affecting the dielectric  considering the relatively low dielectric constant of RS

surface morphology/roughne¥sHowever, it has been shown 2.5) and CPS layerk (= 2.6) vs PVA k = 7.4), it is possible
that silanol groups cannot be completely removed by such self-

assembled aIkyI Iaye‘"f% and that the relatively thin self- (64) Shiu, J.-Y; Kuo, C.-W.; Chen, P.; Mou, C.<them. Mater2004 16, 561.

mbl lkvl monol r nm) ar iect to char (65) Zen, A.; Neher, D.; Silmy, K.; Hollander, A.; Asawapirom, U.; Scherf. U.
assembled alkyl monolayers<® ) are subject to charge Ton 3 Appl. Phy<2008 44 3721,

carrier tunneling® Note also that the larger advancing aqueous (es) Ogata, T.; Ban, C.; Ueyama, A.; Muranka, S.; Hayashi, T.; Kobayashi, K.;
contact angle orHMDS (102) versusPSn (92°) does not ngg)aa;hzlh%-éKurokawa, H.; Ohno, T.; Hirayama, 3pn. J. Appl. Phys.
(67) Mortens'en, J.;. Heinze, Angew. Chem., Int. Ed. Endl984 23, 84.

(61) Ahles, M.; Schmechel, R.; von Seggern, Appl. Phys. Lett2004 85, (68) Uni, K. N. N.; Dabos-Seignon, S.; Nunzi, J.-Nl. Mater. Sci.2006 41,
4499. 317.

(62) Angst, D. L.; Silmmons, G. WLangmuir1991, 7, 2236. (69) Stassem, A. F.; de Boer, R. W. |; losad, N. N.; Morpurgo, AABpl.

(63) Wasserman, S. R.; Tao, Y. T.; Whitesides, G Llsingmuir1989 5, 1074. Phys. Lett.2004 85, 3899.
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that the reduced carrier localization/trapping at the law
dielectric interface contributes to low interface trap densities
and enhanced electron mobilities. In contrast, other results
suggest that higk dielectric materials increase mobilite-30°
In any case, note that-@OH groups should be differentiated
from Si—OH groups in terms of electron trapping. It has been
proposed that the electron trapping mechanism on the SiO
surface involves electron capture by protons and release,of H
suggesting that the stable negative charges are formed en SiO
and that traps are consumed (eqs64.5° The acidity of the
hydroxyl group plays a key role in shifting the equilibrium
toward the right, hence enabling electron trapping.
=Si—0—Si= + H,0 = 2SiOH 4)
©)

=Si—O0 +H,0" +e =Si0 +H,0+,H, (6)

=Si—OH + H,0=SiO” + H,0"

Note that a mechanism based on similar reactions is plausible
for alcohols. However, alcohols and phenols{QH) are less
efficient proton donors (g, ~ 10—15) and less likely to capture
electrons compared to silanolsKp~ 5). In fact, as shown in
Figure 11, all n-type semiconductors with high-lying LUMO
levels exhibit higher mobilities oRVA than onBare by a factor

PS-Oxwhere n-type activity completely disappears. Note also
that the estimated trap density 8%-Oxis much greater than
that onBare, indicating that the carbonyl groups more efficiently
trap electrons than silanol. In the case of p-type semiconductors,
the effect of electron trapping on device performance is primarily
the positive shift ofVr, and its extent is far more pronounced
on PS-Oxthan onBare as shown in Figure 5 (vide infra).

In addition to mobility modulation, the currenvoltage
hysteresis evident in the present transfer plots can be tuned by
employing different bilayer dielectrics. Thus, while PVA films
are known to act as insulators and exhibit hysteresis which
presumably arises from charge storage and polarization, PVA
efficacy as a polymeric gate electret has also been demon-
strated® In contrast, the more remarkable hysteretic behavior
on PS-Oxsubstrates (Figure 5) must be related to a very large
density of deep interface traps. In the case of n-type semicon-
ductors onPS-Ox the interface trap states are estimated from
the subthreshold swing to bel0® cm=2, much greater than
those on the other bilayer structures and cause serious cdrrent
voltage hystereses by binding electrons in these rather deep traps
at the semiconducterdielectric interface. Also, this type of
electron trapping is partially indicated by gate-bias dependent
semiconductor mobilities in the n-type TFTs &8-Ox As
argued from the AFM morphology results on the very thin films

of 2—8, arguing that the presence of alcohol (not silanol) of these semiconductors, the observed mobility variations are
functionalities is less detrimental to n-type charge transport and|argely governed by dielectric surface chemistry rather than by
that the enhanced n-type mobility may be due to the passivationgross film morphology or a growth mechanism, and such

of surface silanol groups as in the casé>&n Note that n-type
transport was previously demonstrated in pentatérend
polymer-blend-OTFT4¢€ on PVA dielectrics.

Considering that the semiconducting film morphologies and
microstructures oRS-Oxare very similar to those on the other
bilayer dielectric structures, the very poor OTFT performance
observed orPS-Ox even compared to that ddare, must be
related to the semiconductedielectric interface. Despite short
exposure times with minimal power (5 s, 20 W), plasma-induced

reactions are expected to generate oxidation-related Surfaceestimated trap density-(L0~13

chemical defects, although the gré%S-Oxsurface morphology
remains smoothp(~ 0.3 nm) and the capacitance is almost
identical to that ofPS1(Table 1)7° As shown in Figure 12, a
relatively high trap density is estimated on this substrate for all
semiconductor combinations (03 cn?) and can be ascribed

to the chemical functionalities generated by the @asma
treatmen®?* Previous studies of £plasma-treated PS surfaces
using ATR-FTIR and NEXAFS found that the density of
oxidized-carbon functionalities, especially carbonyl groups, is
significant3® Carbonyl groups should have substantial electron
affinities, and based on the electrochemical reduction potefitials
of acetophenone—(1.99 V), benzophenone—(.72 V), and
methylvinylketone £1.11 V) versus SCE, the estimated LUMO
energies of carbonyl functionalities generated by th@l@sma
should lie within —2.8 to —3.7 eV. This range of LUMO
energies is very close to those of the air-sensitive n-type
semiconductors, and carbonyl groups on the dielectric surface
are therefore expected to strongly perturb electron transport at
the semiconducterdielectric interface by trapping electrons.
This effect is most pronounced in the caseDHICO-4T on

(70) Teyssedre, G.; Laurent, EEE Trans. Dielectr. Electr. InsuR005 12,
5

(71) Ifry, A. J.Syntheric Organic Electrochemistrijarper & Row: New York,
1972.
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semiconductordielectric interactions are clearly revealed by
the interface trap densities.

From the discussion of surface-chemistry-related interface trap
energetics, it is arguable that the relative insensitivity of air-
stable n-typeCuFPc performance to the dielectric surface
chemistry can be ascribed to the very low-lying LUMO. In
contrast to the air-sensitive n-type semiconductor devices, air-
stableCuFPcdevices do not exhibit direct correlations between
the observed semiconductor mobilities and the (overall high)
cm~2), although the trap density
variation pattern is similar to those of the air-sensitive n-type
semiconductors. The reason is likely an overestimated trap
density due to charge trapping in the semiconducting layer by
chemical impurities. Note th&uFPc exhibits a very low-lying
LUMO energy, also indicating that this semiconductor is
vulnerable to reversible/irreversible doping by chemical impuri-
ties rather than to the aforementioned interface chemical
functionalities. IndeedCuFPc TFTs exhibit relatively highps
currents at zero gate bias (Figure 4), and the theoretically
estimated charge accumulation density at the semicondtictor
dielectric interface aV/g =50 V (3 x 102 cm2, n= Qle =
(Ci x Vg)le) is far lower than the estimated trapped charge
density in Figure 12. Therefore, the estimated trap density
includes traps both in the semiconducting layer and at the
semiconductordielectric interface. Considering th&@uFPc
films on different dielectrics exhibit different morphologies, the
observed mobility modulation in the various bilayer dielectric
structures can be attributed to the combined effects of bulk
semiconductor film morphology/doping and the semiconduetor
dielectric interface.

The estimated trap densities of the present p-type semicon-
ductors, except on thBS-Ox substrates, are almost constant,
which is opposite to the air-sensitive n-type semiconductor
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trends (Figure 12). SindBH-4T exhibits essentially the same  Conclusions

film morphology and microstructure on all of the present bilayer  The present contribution describes a general approach to
dielectrics, the similarity in calculated trap densities can be probe OTFT semiconductedielectric interface chemical effects
ascribed to invariant semiconductatielectric interfacial prop- on transistor performance parameters using tailored bilayer
erties. Therefore, the nearly constant hole mobilitieBEF4T dielectrics. Very different organic semiconductors with p-/n-
on the different dielectrics can be correlated with the relative type and ambipolar charge transport characteristics are grown
insensitivity of hole transport to the dielectric surface nature. on six different bilayer dielectric structures and systematically
Note that in the case @H-4T onPS-Ox which exhibits much  characterized by AFM, SEM, advancing agueous contact angles,
greater interface trap density than those on other dielectric gnd WAXRD. In concert, the corresponding transistor device
surfacesVon andVr are shifted positively compared to that on  yesponse parameters are investigated in detail. Polystyrene
PSlandPVA. The off current is also significantly increased coatings on Si® with minimal gate leakage and surface
due to the extra holes created by electrons filling the interface roughness, significantly enhance the mobilities of air-sensitive
traps, and the relatively large hysteresis can be explained in an.type semiconductors, while such kinds of device performance
similar way3® In contrast, the estimated trap densities in improvement is nominal in the case of air-stable n-type and
pentacene devices do not offer a clear picture of interface p_type semiconductors. Based on interface trap density estima-
trapping. Although similar trends in estimated trap densities are tions on the various bilayer structures, electron trapping at the
apparent in pentacene devices on the bilayer dielectric structuresgemiconductor dielectric interface is identified as the origin
differences in film morphologies and microstructures revealed of the mobility sensitivity to the different surface chemistries
by SEM and XRD indicate that the estimated trap densities are i, the n-type semiconductor systems having high-lying LUMOs.
affected by the grain boundaries in the semiconducting layer, The present semiconductors generally exhibit very similar film
molecular orientation, degrees of texture, and the surface morphologies and microstructures, regardless of the dielectric
chemistry of the semiconductedielectric interface. For ex-  gyrface modification. This result demonstrates that controlling
ample, although pentacene TFTSRVA exhibit relatively low  gielectric interface chemistry is critical in achieving good n-type
trap densities, which are very similar to those on other bilayer performance in OTFT configurations and that the proper choice
structures excep®S-Ox OTFT performance is poorest even  of n-type semiconductor can be utilized to probe interface
compared to that ofPS-Ox which exhibits very high trap  properties such as trap types and densities on various dielectric

densities. As demonstrated by the SEM and advancing aqueousrfaces, without perturbation of the semiconducting film
contact angle data, such inferior device performance can bemorphology and microstructures on top.

principally attributed to small, discontinuous grains in the
semiconducting film. Therefore, unlike the air-sensitive n-type 0 O’ggl;nctmvée?\lgsn::e:\‘;'R\évé éhsgzgfnoisogZLTEeFﬁlc?r?r?v(\)/-eosz':(-am
semiconductors an®H-4T, which exhibit relatively similar ’ .

y Materials Research Center (DMR-0076097) and the NASA

solid-state film behavior on different bilayer dielectrics, assess- A . .
ment of trap densities here involves changes in semiconductorlnStItUte for Nanoelectromcs and Computing (NCC 2-3163) for
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properties such as grain sizes as well as in the semiconductor

dielectric interface. Supporting Information Available: Figures StS6. This
For the semiconducterdielectric combinations described material is available free of charge via the Internet at

here, we are currently performing admittance (ac) measurementdhitp://pubs.acs.org.

in metat-insulator-(organic)semiconductor capacitors over a j,us3-90p

large range of applied bias and frequency to achieve a

quantitative distribution of the interface trapping states as a (72) @ Torres, I.; Taylor, D. M., ltoh, EAppl. Phys. Lett2004 85, 314, (b)

. Saks, N. S.; Ancona, M. G.; Chen, \Wppl. Phys. Lett1992 60, 2261.
function of energy? (c) Nicollian, E.; Goetzberger, ABell Syst. Tech. J1967, 46, 1055.
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