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We demonstrate controllable shift of the threshold voltage and the turn-on voltage in pentacene thin
film transistors and rubrene single crystal field effect transisté#sT) by the use of nine
organosilanes with different functional groups. Prior to depositing the organic semiconductors, the
organosilanes were applied to the Si@ate insulator from solution and form a self-assembled
monolayer(SAM). The observed shifts of the transfer characteristics range from -2 to 50 V and
can be related to the surface potential of the layer next to the transistor channel. Concomitantly the
mobile charge carrier concentration at zero gate bias reaches up 18'4/cn?. In the single
crystal FETs the measured transfer characteristics are also shifted, while essentially maintaining the
high quality of the subthreshold swing. The shift of the transfer characteristics is governed by the
built-in electric field of the SAM and can be explained using a simple energy level diagram. In the
thin film devices, the subthreshold region is broadened, indicating that the SAM creates additional
trap states, whose density is estimated to be of ordel@?/cn?. © 2004 American Institute of
Physics [DOI: 10.1063/1.1810205

I. INTRODUCTION TFTs were fabricated on heavily doped and oxidized silicon

Organic semiconducting materials are used to fabricatgvafer.s' Prior to the pentacen_e depos_ltlon the S'“C.On dioxide
ate insulator was treated with solutions of a variety of or-

transistors with electronic properties comparable to? . . .
a-Si:H.*2 a material often used for back panel circuits of ganosilanes with different degrees of electron acceptance

active matrix displays. These comparable electronic characz—::pi:]t'eti'e-rhg Org:tzosi:g?;;?”:nzeIi':ﬁszgnvgﬁ?ame%nuﬂfy'
teristics together with the promising low-cost fabricafion @9 9 y

. . . . . . 4
makes organic materials attractive candidates for use in co —ﬁﬁ'gnthlz ilreZttgl)nl':CE_‘l)_go\?vzrrtée?agl;ig;tr;;'lg] tr?;;'itéiishl
mercial products. However, to manufacture integrated cir- Y Y y P 9 y

cuits with organic transistors the precise control of all elecJrown crystals onto prepatterned wafers covered with vari-

trical properties is required. In addition to the charge carrie ous self-assembled momolayg&AMs). The SAMs have a

mobility, the threshold voltag¥, is an important parameter b?gﬁ:;ﬂ:goﬁogiefgj t?li{rrfggillgg c%r;rtgee g?:izcruclieeisfil:)r/wfll'?w?sal
that needs to be controlled to ensure proper operation of th%‘AM-induced modification of the charge carrier density in

circuits. The threshold voltage can depend on the time a ga . S .
g P g tt e transistor channel is similar to applying a gate voltage.

voltage has been appligbias stresg*® on the exposure of
. . . . . . Both, the threshold voltage and the turn-on voltage are gov-
the device to “ghqt or it can be shifted using a polarizable erned by the built-in electric field of the SAM. Similar re-

gate insulatot® Furthermore, a dependence on the work :
function of the gate electrodleand the thickness of the ac- sults for bottom contact transistors have been reported re-
cently by Kobayashet al*®

tive layer materidf has been reported. As we will show in - . .
: s The transfer characteristics of the single crystal devices
this paper, the thresh_old voltage addltlonally_ dependsare shifted by a certain gate voltage depe%dingyon the SAM
522irz:gzatzgritgleisp(rjip?)gifg of the surface on which the Ori/\/hile maintaining a steep subthreshold swing. The thin film
’ We present an Ioexperir'nental method to Systematicall)?e\/ices however, show a pronounced broadening of the sub-
study the influence of the surface treatment of the gate insuhgﬁz:)?l?s :aex%gc]iegr(t)rg i t?:ﬂ l:)raor&tllgebn:an?axglr;ihnecdrek?;? ptg?r)

lator on the threshold voltage and other electrical propertie iim morphology as observed with x-ray diffractigRD)

of pentacene thin film transisto(§FTs) and rubrene single and atomic force MICroSConAEM) measurements. and
crystal field effect transistord~ET9. Top contact pentacene . Py ) ’
partly by additional trap states.

IPresent address: School of Physics, University of New South Wales, Nedl. EXPERIMENT

South Wales, Sydney Australia 2050. . . . . .
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Barbara, Santa Barbara, California 93106. film transistors(panel @ and single crystal FET&anel b.
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FIG. 1. Schematic device structure of the inverted-staggered pentacene thin _® F - o= -50Vv %V’
film transistors(a) and the rubrene single crystal FE{9. The molecules I
used for the self-assembled monolag®AM) are shown in Fig. 2. 150 | .7/ 4
Ao v
Heavily doped silicon wafers with a 300 nm thick silicon 200 L . . . .
dioxide insulating layer were used as substrates. The wafers -50 -40 -30 -20 -10 0
were successively cleaned in hot acetone and hot isopropanol VeV

for 3 min in an ultrasonic bath, then with a piranha solution

. : FIG. 3. Output characteristics of TFTs with four different surface treatments
0, 0, . () =~
(70 vol % WSO“' 30 vol % H202 30/() for ~20 min, and (A), (C), (F), (G). At zero gate bias the drain current @€) and (F) is

were finally thoroughly rinsed in ultrapure water. The Sub-nonzero, indicating the presence of mobile charge carriers even without gate
strates were treated in a glove box with a relative humiditybias. The drain current af) does not saturate &,=-50 V indicating that

near 3%. The treatment process was optimized for octadecy!he transistor is still operating in the linear regirf\g<V,—V,). The tran-

. . o ist try iV=600 dL=30 um. Th t deposited
trichlorosilane(OTS) and was applied in the same way for z'tsgg oggome Vi pm an pm. The pentacene was deposite
the other organosilanes.

To form the SAM, the wafers were immersed for 3 h in was near X 10°® mbar. Unless otherwise noted, the sub-

mM solution of the organosilane in anhydr I . ; -
a3 solution of the organosilane in anhydrous to uhe strate temperature during deposition was kept at 50 °C. In

Figure 2 shows the molecular structures of the studied orga- - : .
. : . every deposition batch we deposited pentacene onto eight
nosilanes. After removing the samples from the solution the

. . . B(Nafers at a time. Two of those wafers were treated with OTS
were cleaned in fresh toluene for 2 min in an ultrasonic bat

{0 remove any excessive laydfsWe found this step to be QO check the quality of the fabrication process and the rest

. . were treated with three other organosilanes.
crucial for good monolayer formation. The monolayers were : .
9 4 y Gold source and drain contacts were deposited through

then baked on a hot plate for 1 h at 150*8an the same )
glove box to enhance cross linking of the organosilane mol§hadow masks at a rate near 1 A/sec. The channel width W

ecules and covalent bond formation to the silica surface was 600um for all devices while the gate length varied
. from 30 um to 150um. With this configuration we could

To fabricate TFTs, the samples were transferred into th(? ) : . .
. . bricate six transistors on every wafer. The electrical prop-
deposition chamber where pentacene was deposited at a rate

. erties were measured with a HP 4155A semiconductor pa-
of 0.3+0.1 A/sec, by thermally evaporating pentacene pow- : :
. . . rameter analyzer, with the samples kept in an argon glove
der that had previously been purified twice by temperaturebox 0.1 pom KO
gradient vacuum sublimation. The nominal thickness of the (<0.1 pp . HO, Oy). . .
For the single crystal experiments, 20 nm thick gold

organic layer was 40 nm and the base pressure of the system : ;
g y P YSt€&urce and drain contacts were evaporated after cleaning the

wafers, forming bottom contacts. After finishing the treat-
A B C D E F ment process, rubrene single crystals grown as described in
c Ref. 19 were carefully placed on the prepatterned structures
é F completing the transistors. The measurement procedure was
e s

the same as for the thin film transistors.
G H
CI;

tive gate bias saturates in transistors with treatmeghfsand
R cr—di—ai C—si—ci (G), foIIowing the standard metal—o>_<ide—semigonductor. field-
él él é] effect transistor behaviéf. For transistorC) this saturation
Cl—Si—Cl is not as pronounced and for transisté) no saturation is
& observed, indicating a large positive threshold volt@geso

that the device is still operating in the linear regime
FIG. 2. Molecular structure of the studied organosilanes; carbon and hydro <V —V)
gen atoms are not shown. In monolayer formation, the Cl atoms from the d g v . .
anchor group SiGlare removed and the Si bonds covalently to the,SiO To illustrate the presence of mobile charge carriers at

surface as well as to neighboring Si atoms. zero gate bias we show in Fig. 4 the transfer characteristics

[ll. RESULTS AND DISCUSSION

The output characteristics of TFTs with four different
surface treatments are shown in Fig. 3. A nonzero drain cur-
rent at zero gate bias is measured for transist@ysand (F)
while it is zero on a linear scale for the OTS treated transistor
(A) and transistofG). This indicates the presence of mobile
charge carriers at zero gate bias. The drain current at nega-
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103 T - - T T the water contact angl® of the treated surface. The thresh-
[ V=50 V- old voltage was defined as the intercept of a linear least
10°F 1 square fit toyl versusV as illustrated in the inset to Fig. 4.
10_7: The range between 20% and 80%l @f,.x Was taken for this
= | H . fit, and the mobility was calculated from the slope. The sub-
= 100l E Gs i threshold swing was extracted from the logarithmic plot of
- | Lo N\ 1 i the transfer characteristics shown in Fig. 4. The values in
101 5.; § tl _ Table | represent the average values and the standard devia-
L & %40 20 0 IR . tion measured on typically nine transistors fabricated on two
10713 L = L different wafers in the same batch.
60 40 20 0 20 40 60 o . L .
ALY We will discuss two mechanisms possibly involved in

the shift of the threshold voltage and the turn-on voltage: the
FIG. 4. Transfer characteristics of the same transistors as in Fig. 3 and thefluence of the film morphology and the effect of the

transistor with treatmer(). The turn-on voltage shifts towards more posi- pilt-in electric field of the SAM(“SAM-induced chargey:
tive values for treatment€G), (A), (C), (E), and (F). The increase of,

indicates the presence of mobile charge carriers at zero gate bias. The values )
of 1, andV,, are marked for treatmen#). The inset shows the extraction of A. Influence of the film morphology

V, . , .
vandu The film morphology has been shown to influence the

charge carrier mobiIitf}’.13'22‘23EspeciaIIy the morphology of

as lodly| versusV, for the same transistors as in Fig. 3 andthe first few monolayers where charge transport ocliis
the transistor with treatmeiE). The magnitude of the drain expected to strongly influence the mobiﬁﬁfs To investi-
currently atVy=0 V shows a dependence on the SAM and isgate the influence of the film morphology on the threshold
marked in Fig. 4 for the OT$A) treated transistor. In addi- and the turn-on voltage, we fabricated transistors with treat-
tion to the increase df, an increased off-current is observed ments(A), (B), and(l) where the pentacene had been depos-
for treatmentqC), (E), and(F). ited at 30, 50 and 70 °C. Only a weak dependence and no

To quantify the measurements we use the turn-on voltgeneral trend was observed between the film morphology as
age V,, Wwhich is the gate voltage where the drain currentcharacterized by AFM measurements and XRD and the
starts to increase exponentially. For polymer devices ahreshold and turn-on voltage. Listed in Table Il are the mo-
switch-on voltage was defined in a similar \ﬁ%mnd marks  bility, threshold voltage, and turn-on voltage for those tran-
the flat band condition. The turn-on voltage is marked in Fig.sistors, as well as an estimated trap density which is dis-
4 for transistor(A). It is slightly positive for (A) Vi,a  cussed below.
=8.5V which is commonly observed for OTS treated de-  Pentacene films deposited at higher substrate tempera-
vices, and it increases significantly for treatmé@) Vi,  ture often consist of large graif%.The larger grain size
=25V, (E) Vioe=36 V, and(F) Vi, =49 V. The only treat- forming at higher temperatures on OTS treated substrates is
ment with negative turn-on voltage is the phenyl treatmenshown in the topography images in Figag-5c). The im-
(G) Vioc=-1.5V, meaning that the transistor is completelyages show evidence of lamellar growth and the brightest
switched off at zero gate bias and the transistor is operatingpots mark grains with a height well above the average film
entirely as an enhancement mode device, which can be déiickness. Those grains consist presumably of flat lying pen-
sirable for designing circuits. tacene molecules:? The height of those grains increases

Table | summarizes the results fgf, Vi, o, subthresh-  with increasing deposition temperature, indicating a rapid
old swing S (for the 300 nm thick Si@ gate insulatgrand  growth of grains in thea-b plane. A typical image of a film
calculated mobilityu for the nine treatments, together with deposited onto a phenyl treaté@) substrate is shown in Fig.

TABLE |. Summarized properties resulting from the different surface modificati®ns. the average contact
angle of water with the surface measured on two different substratesthe charge carrier mobility, the
threshold voltage, and,, the turn-on voltage of the TFTS s the subthreshold swin@00 nm SiQ) andl is
the drain current at zero gate bias. The given values represent the meacstahaard deviatioover typically
nine transistors fabricated on two different substrates in the same batch.

] M Vi Vio S ||0|

(deg (cm?/Vs) V) (V) (Videc) (A)
(A) Octadecyltrichlorosilane 95 0.68) -3.11.0 4.7 0.9 108
(B) Butyltrichlorosilane 93 0.611) -4.30.5 4.7 11 108
(C) 3-Chloropropyltrichlorosilane 75  0.709 1.51.8 16 1.8 106
(D) 3-Bromopropyltrichlorosilane 80 0.783 2.82.9 17 2 10°®
(E) Trichloro(3,3,3-trifluoropropyjsilane 91 0.08.1) 22.15.2 33 4.9 107
(F) 1H,1H,2H,2H-Perfluorooctyl-trichlorosilane 105 O@®) 26(2.0) 44 4.9 10°
(G) Phenethyltrichlorosilane 92 0 -12.11.2 -15 0.9 1012
(H) 4-(Chloromethyjphenyltrichlorosilane 88 0562 -7(1) 4 1.2 108
(I 2-(4-Chlorosulfonylphenykthyltrichlorosilane 90 0.365 2573) 49 4.4 10°
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TABLE II. Charge carrier mobilityu, threshold voltag/,, turn-on voltagev;, and estimated trap density,,

Pernstich et al.

of transistors with pentacene films deposited at three different substrate temperatures. The gate insulator was
treated with(A), (B), and (). Except the mobility no parameter is significantly affected by the different
deposition temperatures hence the film morphology, demonstrating the dominant effect to be the treatment with
the different organosilanes. The trap density is estimated from the threshold voltage above turn-on voltage.

T(°0) w (Cn?/V's) Vi (V) Vo (V) Nirap (10'2/cr?)

(A) 30 0.41) -8(3) 2(5) 0.7(6)

50 0.91) -4(1) 42) 0.62)

70 1.32) -10(2) 0(3) 0.714)
(B) 30 0.61) -11(1) -1(1) 0.91)

50 0.11) -4(0.5) 5(2) 0.62)

70 0.91) -11(1) 0(0.5) 0.81)
0 30 0.4.05) 24(6) 45(8) 1.51.0)

50 0.4.05) 25(3) 48(2) 1.6(4)

70 0.3.02 26(2) 50(1) 1.702)

5(d) and reveals larger grains than obtained for films on OTgcf. Fig. 5b)]. Additionally, the density of edge oriented
treated substrates held at the same deposition temperatujeains (resulting from flat lying moleculgsis smaller for

OTS 30“C.80.nm lOT

S 30

films deposited onto substrates treated wi. In Figs. ge)

and Xf) topography images of films deposited onto sub-
strates treated wittD) and(l) show an opposite relationship
between the mobility and the grain size: although the grain
size of film (D) is smaller compared t@d), the transistors on
(D) show a larger mobility than the one ¢ (cf. Table ). It

is worthwhile emphasizing that the film morphology as ob-
served with AFM does not necessarily reflect the microstruc-
ture of the first few monolayers of pentacene that form the
electrically active channel.

The XRD patterns in Fig. 6 reveal the overall difference
in film morphology: pentacene films generally show two dis-
tinct crystalline phases with differedtspacings, a “thin film
phase” with 15.4 A00¢’) and a “single crystal phase” with
14.4 A (00¢).2*The films deposited at 3T crystallize in
the thin film phase only, while the single crystal phase is
more prevalent in the films deposited at higher substrate
temperature3§ [cf. Fig. &@)]. For the OTS devices, the hole
mobility is slightly higher in the latter as can be seen from
Table Il. This is in agreement with results reported in, e.g.,
Ref. 4, and is presumably due to better overlap of the
orbitals$’® of the pentacene molecules. In Fighpthe mix-
ture of the thin film phase and the single crystal phase is
shown for treatmentéB), (C), (E), and(H). Here the penta-
cene films have been deposited on substrates held at 50 °C
and interestingly, a different trend is observed for treatments
(C) and (B): TFTs on SAM(B) show a lower mobility al-
though the single crystal phase is more dominant. From a

FIG. 5. Topographical images of pentacene films deposited at various suzomparison of the results in Table Il we conclude that the
strate temperatures and substrate treatments as indicated in the images. Nr@riations of the TFT characteristi¢aV;,AV,,) are domi-

scan area is 85 um? for all images. The grain size increases with tem-
peraturga—(c), and the brightest spots mark grains that presumably consis
of flat lying molecules. For the phenyl treatmédj the grain size increases
with respect to the OTS counterpdb), simultaneously decreasing the den-
sity of edge oriented grains. Although the grain sizéanis smaller than in

(f) the mobility of transistors fabricated @D) is larger than orl).

Downloaded 26 Nov 2004 to 129.132.215.158. Redistribution subject to Al

tnated by the particular organosilanes forming the SAM and
not by the overall film morphology as probed by XRD and
AFM. This conclusion is supported by the single crystal ex-
periments described later.
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© FIG. 7. Schematic energy level diagram suggested for surface treated TFTs.
For an untreated Si{Csurface the vacuum levels of the Si@nd the penta-
- ®) cene are aligned and no band bending oceaysin (c) a negative gate
L L L voltage is applied shifting the gate electrode’s Fermi level towards higher
4 6 8 10 12 o 14 16 18 energies and bending the HOMO and LUMO levels of the pentacerb) In
2Theta[’] the permanent dipole field of the SAM shifts the surface potential which has

. . . ) . the same effect as applying a gate voltage(dna combination ofb) and
FIG. 6. X-ray diffraction pattern of 40 nm thick pentacene films deposned(c) is shown. The numbers are taken from Ref. 36 and are given in eV.
onto OTS treated substrates at 30, 50 and 70(&C and on substrates

treated with(B), (C), (E), and(H) held at 50 °Qb). The single crystal phase
becomes more dominant with higher deposition temperataje$he abun-  which corresponds well with the shifts in transfer character-
dance of the thin film phase and single crystal phase varies with the S“rfaCI%tiCS we measure in our deviceca‘ Table )
treatment(b), indicating differences in overall film morphology. . . : ) .
In the presented situation the charge density, respec-
tively, the energy levels need to be considered in a self-
B. Effect of the SAM’s dipole field consistent way, resulting from the properties of the indi-
vidual molecule in the SAM attached to silica, and the

The observed shifts in the electrical characteristics Cor'adjacent pentacene molecules. This is important because it

respond to the electron acceptance properti_es of the Or9anoy3s peen shown in, e.g., Ref. 35 that the electronic properties
lane molecule’s end group. For treatme@j with the CHCl ¢ 5 (jose-packed organized organic monolayer can differ
end group for instance, this means that electrons from thg ., e properties of the isolated molecule. Additionally our
pentacene film are attracted by the SAM leaving behind mOg,mies were exposed to ambient air where water can adsorb
bile holes in the channel. Thus a more positive gate bias i§, the surface which might affect the effective dipole
needed to switch off the device, i.&/, shifts towards more strength of the SAM.
positive values. o _ The change in surface potential modifies the interface
The electronegativity of the molecule’s functional group roperties as illustrated in the schematic band diagram
influences the charge distribution within the molecule andgpown in Fig. 7. When pentacene is deposited onto,SiO
can lead to the formation of an electric dipole. Campkell - nder UHV conditions, the vacuum levels are aligned and no
al.” calculated the charge distribution within similar mol- bending of the highest occupied molecular orb{tdDMO)
ecules using aab initio scheme and found a dipole moment gnd lowest unoccupied molecular orbitdlUMO) level
whose strength depends on the functional group of the invessccur$® as illustrated in Fig. @&). For simplicity, only the
tigated molecule. When such molecules form a SAM thegate electrode’s Fermi level is shown. When a negative gate
molecular dipoles give rise to a net polarization of the SAMyltage is applied the Fermi level of the gate electrode shifts
that changes the surface poteritias verified with Kelvin-  towards higherelectron energies. Part of the applied gate
probe measurements in Ref. 32 and by Kelvin-probe forc&oltage is dropped across the gate insulator, and since the
microscopy in Ref. 34. In Ref. 34 the authors calculatedband alignment of the HOMO and LUMO level is fixed with
dipole moments of 0.5 and -1 D for isolated molecules simitespect to the vacuum level, the remaining gate voltage
lar to (A) and(F), and measured a surface potential differ-bends the HOMO and the LUMO levels. Therefore mobile
ence of=0.2 V between the corresponding SAMs formed oncharge carriers can accumulate and form the conducting
SiO,. Assuming the thickness of the SAMs to be 2 nm, thischannel. For a SAM with a permanent electric dipole field
corresponds to an electric field of 1 MV/cm. To produce theinserted between the gate insulator and the pentacene, the
same field by applying a voltage across the 300 nm thiclsituation is as illustrated in Fig.(B): the dipole field of the
SiO, gate insulator a gate voltage of 30 V is necessarySAM modifies the surface potential which has the same ef-

Downloaded 26 Nov 2004 to 129.132.215.158. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



6436 J. Appl. Phys., Vol. 96, No. 11, 1 December 2004 Pernstich et al.

10" i charge dersly wduced by ool Volkel et al® the_ mobile holes observed at zero gate bias can
------------------------- be modeled using electron acceptor states in the band gap
° . close to the HOMO level. Such acceptor states move the
............ e____ Vokeletal Fermi level closer to the HOMO level by changing the ther-
“g“ o modynamic equilibrium position of the Fermi level close to
s 107 1 the gate insulator. Vélkedt al® used a one-dimensional tran-
Zi sistor model to study the effects of localized band-gap states
L ° on the electrical characteristics of pentacene TFTs. The au-
thors introduced acceptor states at the interface layer next to
N the gate insulator in order to explain their observed shifts in
@we ooe FA 6 o0 turn-on voltage, and donor states to account for the shifts in
Origin of charge (surface treatment) threshold voltage. A total trap density of 480%/cm?® ac-
FIG. 8. Induced charge carrier density by the different SAMs on the gateCounts for the observed shifts. Assuming a _Channel _thlc,kness
insulator. Round symbols represent hole accumulation and the star repr@f 5 NM and a homogeneous charge carrier density in the
sents hole depletion. The maximum charge carrier density induced by thehannel, the acceptor concentration in their model corre-

gate was obtained using a gate field of 3 MV/cm. The value marked a%ponds to a surface Charge density of 2 102/ cn?. close
“Volkel et al” i f imulati in Ref. 9. . . . !
olkel et al” is deduced from simulations in Ref. 9 to our results given in Fig. 8.

fect as applying énegative gate voltage. The solid curves in With increasing negative gate voltage, more trap states
Fig. 7(b) appear to be valid for all treatments except the@® f|IIe_d. If all deep Fra_ps are filled and the local Fermi
phenyl treatmentG). For this treatment the situation may be nergy in the channel is in the energy range of the transport
depicted with the dotted curves where the majority carriereVvel (the energy at which thermal activation be%idng to
are depleted. Figureg@ and 7d) depict the situation where Predominatg the threshold voltage is reached.”
a negative gate voltage is applied to devices \ifitty. 7(d)] Horowﬁz and Delannoy expressed' this condition as the equi-
and without[Fig. 7(c)] a SAM: the gate voltage rises the librium between trapped and mobile carrﬂ?refor a r_efme-
vacuum level of the gate insulator and additionally it is Ment see Ref. 47 Therefore the threshold voltage is tied to
raised by the permanent dipole field of the SAM, resulting inth€ turn-on voltage via the trap density, and the threshold
an increased band bending and therefore in an increased hofgltage above turn-on voltage/y,=Vi~Vio) is an estimate
density in the channel. As a consequence, the turn-on and ¥ the trap density in the channel.

threshold voltage are determined by the surface potential of EStimating the number of trap states from the threshold
the layer next to the transistor channel. We emphasize tho!tage above turn-on voltage we find the total trap density
any surface charge present at the gate insulator due to Mrap USING Nirap=Cox [Virol € where C,, is again the oxide
contact potentidl or imperfections such as oxygei©OH capacnancg per unit area. This results in a trap dens[ty of
groups, water moleculeg® or mobile ion&® also influences ~0-5-2x10'/c. Taking into account only transistors with
the surface potential and therefore influences the threshof@obilities greater than 0.5 CitV s tk;e trap density in the
voltage and the turn-on voltage; especially in devices witfehannel is estimated to be 0.5x1L0"/ci. The values are
untreated oxidé® Thus Fig. 7 may capture only part of the I good agreement with values derived from simulations re-
total situation relevant for the device performance. ported in Ref. 9. _

The mobile charge carrier density induced by the SAM The origin of the increased trap density cannot clearly be
(Nsap) is shown for the various SAMSs in Fig. 8. The density revealed by these experiments. Increased trap densities were
was estimated using Nsay=Cox Vio/€, With Coy also found in polymer devices with a highgate insulator
=11.5 nF/crf being the measured insulator capacitance peFompared to lovk gate insulators and were ascribed to a
unit area anck the elementary charge. The turn-on voltage isdipolar disorder ca4used broadening of the Gaussian .dIStrIb-
chosen as it is a measure of the hole concentration in theted transport staté8.in Ref. 49 the authors report on dipole
channel at zero gate bias: applying the turn-on voltage to thinpurities in anthracene smglg crystal; and suggest th.at traps
gate electrode depletes the channel and the bulk pentacene®{§ formed as a result of the interaction of carriers with the
much as possible. Using the flat band voltage would give Egllpo!e moment of the impurities. Sw_mlarly, the introduction
more accurate estimate but it is not accessible from our me#f dipole moments between gate insulator and pentacene
surements. Since the pentacene films are assumed to be thfRight change the local polarization of individual pentacene
ner than the screening length near flat band condfflome molecules, therefore introducing new trap stafes.
expect that the turn-on voltage is very close to the flat band
voltage. The maximum carrier concentration corresponds t% Sinale crvstal experiment
about one induced mobile hole per 100 SAM molecules, as-" gle crystal experiments
suming a surface density of the SAM molecules of 4  To verify that the dipole field of the SAM governs the

X 104/ e, turn-on voltage, and to test whether or not the strong dipole
. " moment of the SAM molecules can influence the trap distri-
C. Density of states, threshold voltage, and additional bution of single crystal FET¢SC-FETs we fabricated SC-

trap states FETs using the “flip-crystal” techniqu:>? Rubrene crystals

A more microscopic approach taking into account thewere used because large planar crystals can be grown as
imperfections of the semiconductor is desirable. Followingdescribed in e.g., Ref. 19, and because rubrene shows a very
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3 : ' ' . V.=50V different functional groups. The organosilanes form self-
10°%F ‘ | assembled monolayers on the Si@ate insulator and have
i 7 various dipole moments depending on the electron accep-
107r i tance properties of their functional group. We find the dipole
z i 1 moment of the SAM modifies the surface potential of the
= 10°F TFT | layer next to the transistor channel and induces mobile
- i ® 1 charge carriers at zero gate bias. This manifests itself in a
o' ] shift of the transfer characteristics. A simple energy level
i ] diagram is used to explain these observations. Similar shifts
1013 B0 80 40 20 0 20 40 have been modeled by Vélket al® using appropriate trap
v, M state distributions. From the difference between the threshold

voltage and the turn-on voltage we estimate the trap density
FIG. 9. Transfer characteristics of rubrene single crystal FETs treated witin the thin film FETs to be of order % 10*%/cn?, while a
(A) and(E) and of a typical pentacene thin film device treated With The  |ower trap density is found for rubrene single crystal FETS.
turn-on vc_)ltage shifts towa_lrds more positive gate voltages for treat(gnt Jhe single Crystal experiments cIearIy show that the built-in
For the single crystal devices the off-current is lower and the subthreshol .S
swing is steeper than for the thin film device. The curve for the thin film e_leCt”C field of a Self'assembled_ monolayer next to the tran-
transistor was shifted to correspond to the saifié ratio as in the single ~ Sistor channel acts as a gate bias and modulates the charge

crystal FETs. carrier density.

high mobility.53’19'54The wafers were treated with\) or (E)
and the resulting transistors have on/off ratiakd’ and a
mobility>1 cn?/V's, indicating that the presence of the The authors would like to thank Kurt Mattenberger and
SAM has little or no influence on the effective mobility. It Hans-Peter Staub for technical solutions, Cornelius Krellner
also suggests that the low mobility of TFTs with treatmentfor crystal growth, and A. Stemmer for providing access to
(E) is probably caused by a poor molecular ordering as rethe AFM equipment. Fruitful discussions with Benjamin
vealed by XRD measurements. Rossner, H. Bassler, G. Horowitz, T. N. Jackson, E. J. Meijer,

The transfer characteristics of the SC-FETSs in Fig. 9 arés. Paasch, S. Scheinert, and K. Seki are gratefully acknowl-
offset by 39 V while basically maintaining the shape of theedged. Further we would like to thank Urs Notter and the
subthreshold region. Similar results for SC-FETs have reether members of the machine shop of the ETH Physics
cently been reported by Takeys al>® Also in Fig. 9, we  Departement. This study is partly supported by ETH Grant
show the transfer characteristic of a typical thin film deviceNo. 20020-02, by the Swiss National Science Foundation,
with treatmentE). The curve for the thin film transistor was and by the Swiss BBW as part of the EU-Research program
normalized to account for the different/L ratios. A de- EUROFET(HPRN-CT-2002-00327
tailed analysis of the subthreshold region shows a very steep
subthreshold swing of 0.3 V/deca@®00 nm SiQ) for the "H. Klauk, M. Halik, U. Zschieschang, G. Schmid, W. Radlik, and W.
SC._FET treated WithE), and a slightly Iarger SUbthreS.hOId 2\'I,'\.levti/.er},<gileA;pI|3..P\?.y:/lizy}rgiélz.(zlgogéude, T. P. Smith, and T. D. Jones,
swing of 0.5 V/decade for the SC-FET witi). The sig- Mater. Res. Soc. Symp. Pro@71, L6.5.1(2003.
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