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1 Introduction temperature is limited to about 76. A typical ex-
ample for a pentacene film grown on a thermal oxide
Today, the field of organic electronics is wide opeRith Au bottom contacts is shown in Fig. 1a. If sub-
[1][2]. While organic light emitting diodes (OLEDSXtrate and growth conditions are properly chosen, a
have already successfully entered the market,| tt@ntinuous film forms on SiQ[Fig. 1a] with grains
roadmap for integrated circuits is still not settlechf the order of several microns which exhibit step
Mobilities ) for pentacene OrganiC thin film transi he|ghts Comparab|e to the |ength of the pentacene
tors (OTFTs) commonly ranging between 0.1 andrholecule (Fig. 1b). On the gold contacts, the film
cm/Vs have been reproduced by many groups Woggbrphology is much more rugged (Fig. 1a). The
wide [3, 4, 5, 6]. In spite of the enormous activitiefeason for the profound difference in growth behav-

in synthesizing and screening for new materials f@§r on SiO, and Au is discussed below.
transistor applications, pentacene has successfully

defended its leading position for the production|of
OTFTs.
The reason for pentacene being superior for|the
production of TFT devices [7, 8] when compared to
other molecules [9] is still not obvious. In this fea-
ture article, we will discuss to which extend the pe-
culiar growth properties [10] of pentacene on metal-
lic contacts and gate dielectrics contribute to the de-
vice performance. For this purpose, first the early
growth state of pentacene films and the molecular
structure of the so called thin film phase is reviewgd.
Then, major sources of crystal defects in thin fil
as determined by advanced synchrotron diffraction
techniques are discussed. The relation of these de-
fects to the frequently discussed electronic traps that
strongly influence transport properties of TFTs [6,
11, 12] is indicated. Finally, the spatially resolved
photo response of pentacene OTFTs will be discussed
in the context of injection barriers and contact ho-
mogeneity.

2 Pentacene thin films Fig. 1 AFM amplitude micrograph of a pen-
tacene OTFT structure(a) Gold contacts on

SiO; have been covered by a 50 nm pentacene

Pentacene can be evaporated quite conveniently by film. (b) A zoom reveals a grainy structure and
resistive heating of a tantalum crucible filled with terraces with step heights of ca. 184

purified pentacene powder. This procedure is ultra

high vacuum compatible and a molecular beam with The initial stage of pentacene thin film growth on
typical deposition rates ranging from below 0.01 nr&i§&ccan be described by diffusion limited aggrega-
up to 1 nm/sec can be easily achieved [13], as v&ien (DLA) [15]. In this growth mode, incoming
ified by a quartz micro balance at the sample posiolecules initially diffuse across the surface. Once
tion. Also alternative methods such as laser evaghey meet a critical number of molecules, they form
oration have been reported [14]. Growth tempera-stable nuclei, which subsequently grows in area
tures typically range from room temperature up| turing deposition. The submonolayer islands stem-
50°C. At higher temperatures, a much higher depaiing from the growth of such nuclei exhibit a frac-
sition rate is needed to compensate for desorptidgal shape, which is the fingerprint of this growth
Thus, with MBE techniques, the maximum growtimode. Pentacene submonolayers grown on bare Si

2.1 Film formation on inert surfaces
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surfaces show such fractal shapes, as revealed firstween molecular planes (red planes). In one case,
by in-situ photo electron emission microscopy exlso a molecular axis (red dotted line) is indicated.
periments [16]. Subsequent AFM studies have shown
that the diffusion length on silicon oxide is signifi-
cantly reduced [17] compared to e.g. H-terminated
Si. A detailed analysis of the island size and island
density as a function of coverage by AFM and syn-
chrotron experiments fully confirmed scaling pre-
dictions of the DLA theory [18] [19] and allowe
to determine the stable nuclei size to four pentacene
molecules [20]. If the growth temperature is low-
ered to0°C, the diffusion length is reduced by a fac-
tor ~ 4 [20].

Pentacene submonolayer islands exhibit a layer
thickness of 15.48 which has been measured y
AFM and by x-ray reflectometry [17]. This layer
thickness implies that the molecules are oriente
an upright configuration, i.e. the long molecular
axis is oriented predominantly along the surface nor-
mal, see Fig. 2a. Multilayer films exhibit different
crystalline phases, which are usually identified |by
their dyg; spacing along the surface normal. The
substrate-inducecygh = 15.4 A polymorph, which
is commonly termedhin film phaseis the most rel
evant for OTFT applications. Grazing incidence|in
plane diffraction experiments [21] [22] confirmed
that the grains of the thin thin film phase are (001)
oriented. The lateral dimension of the two dimen-
sional unit cell inferred from these experiments,|as
well as the observed selection rules, suggest a|unit
cell with two non-equivalent molecules in a Her-
ringbone arrangement, similar to the bulk pentacene
ordering motive [23] [24].

In a recent study, the detailed molecular arrange-
ment of thethin film phasevas resolved by a graz-
ing incidence truncation rod scattering study [25].
The crystal structure was found to be triclinic [26]
with the following unit cell parameters=a5.958 +
0.005 A, b = 7.596 + 0.008 A, ¢ = 15.61 + 0.01
A, a = 81.25+ 0.04°, 5 = 86.56 + 0.04° and~y =
89.80+0.10° [27]. A detailed analysis of the Bragg
peak intensities for pentacene on Si@lowed to
determine the tilt between the long molecular axi
the two unit cell molecules and the surface nor
to 5.6 + 0.05° and6.0 + 0.4° and the Herringbon
angle to54.3 + 1.3° [27]. The unit cell is shown i
Fig. 2b). Here, the unit cell vectors a (red), b (gre
and c (blue) are color coded. The Herringbone
gle (green arc) is defined as the intersection amgle

Fig. 2 Thin film phase unit cell(a) The side
view illustrates the layered structure of the thin
film phase). (b) The top view emphasizes the
herringbone ordering motive, which is a com-
mon feature of all pentacene polymorphs.
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Surface energy calculations [28] reveal that theurface energy of ththin film phasg28] and thus
(001) cleaving plane is the surface with the lowdewetting is a direct result of the minimization of the
est surface energy. In turn, the formation of (00f)ym surface area. Thus, surface diffusion is counter-
oriented films can be expected, if the interaction giroductive for the formation of closed films and the
the pentacene molecules with the surface is neglifprmation of well ordered closed films seems quite
ble to the pentacene-pentacene interaction. Expienpossible. To resolve this problem, two strategies
iments show that this condition apparently fulfillethave been pursued. One approach, which has been
for various inert substrates such as reduced and oemonstrated for single crystal Ag(111) surfaces makes
idized Si, as well as many polymeric films used|asse of cryogenic substrate temperatures to suppress
gate dielectric. Note that the surface energy of tlidewetting. In this case, the pentacene molecules are
thin film phaseis rather isotropic within the pen-deposited making use of a hyperthermal He-beam
tacene film plane [28], probably a direct result|dB8] which provides the impinging pentacene mole-
the large herringbone angle. In turn, pentacene @iles with energies up to 5 eV, well above thermal
lands show on Si@a rather isotropic shape, thuenergies. Thus, a well ordered film can form at 200
favoring the formation of closed films up to severd [35] (see Fig. 3a).
monolayers [16] [29]. Beyond this thickness, stragng

roughening occurs [30] and competing phases start (@) J’,.

nucleating [31].

. . . f 0.37 nm
2.2 Film formation on metallic and con- g

ductive surfaces m
Bottom contact TFTs involve either metallic or cop-
ducting polymer contacts. Therefore, the growth of «Jgegesesesese | 0.78nm
pentacene on metallic surfaces has also been stud- 0.32
ied in detail[[32],[33],[34],[35]]. The most com- nm
monly used contact material for pentacene TFT
Au, whose work function valueé = 5.1 eV [36]
matches quite well with the ionization energy of pen- (b)
taceney = 4.9 eV [37]. Also, being a noble metal,
Au contacts are sometimes considered insensitive to
air exposure even if it has been observed that the Au
work function is quite sensitive to ambient condli-
tions. The observed growth behavior for pentacene
on Au depends strongly on the substrate, i.e. differ-
ent growth is observed for single Au crystal surfaces
[32] and for thin Au film composed out of polycrys-
talline grains [33]. Also the roughness and clean-
ing procedure influence the growth. For the techni-
cally most relevant polycrystalline Au film surfaces,
pentacene shows a complex growth behavior. |f a
Au(111) texture is present, a flat lying monolayer
forms, which can be interpreted as a wetting layer.
This layer then acts as a growth template for sub-
sequently deposited pentacene forming microscopic
grains. For these grains, the long molecular axis is
oriented along the surfacy/ing down phasg Ele- Another way to avoid dewetting is to passivate
vated temperatures promote a pronounced dewettthg metallic surface by a self assembled monolayer
[34]. This behavior is not unexpected, since the sUSAM), e.g. an alkane thiol monolayer (C-18). Af-
face energy of &ying down phasés higher than the ter passivation, the growth structure resembles the

Ag (111)

Fig. 3 Pentacene growth on Ag and graphite
(a) Side view of the film structure of pentacene
on Ag(111). A flat lying pentacene monolayer
acts as a growth template. (b) Side view of the
growth of pentacene on graphite. The structure
resembles the growth on Ag, but it is not clear
whether a pentacene wetting layer is present.
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growth mode on inert surfaces [33], the same holtis/er. Source and drain electrodes are deposited ei-
for growth of pentacene on conducting polymers stilor on the silicon oxide (bottom contact) or on top

as PEDOT : PSS [poly(3,4-ethylenedioxythiophenej the pentacene film (top contact).

/ poly(styrenesulfonate] [39]. Itis interesting to ngte A pentacene TFT works in hole accumulation,
that on bare Si, pentacene initially forms a flat lyinge. a sufficiently negative voltage ¢V is applied to
monolayer, but on-top of this monolayer, the thithe gate, accumulating holes at the pentaceng/SiO
film phase readily forms [16] without need for pasinterface. If now a moderate voltage is applied be-

sivation.

tween the source and drain electrode, a hole current

Other more exotic materials which have been stfldws. A characteristic output curve for a typical
ied include graphite and Bi. Graphite is an interegtentacene TFT from our lab is shown in Fig. 4a.

ing substrate since it also promotes the forma
of alying down phasevith Herringbone order tex
tured in the (200) orientation [40] (see Fig. 3b). Tt
enabled an angular resolved photoelectron emis
study (APES) for this pentacene polymorph alg
the (200) direction of the Brillouin zone. The e
periments reveal indications of strong band disg
sion [40]. Recently, a well defined epitaxial rel
tionship between a pentacene film and the Bi s
strate has been realized. This well defined epital
relationship allowed to explore the band dispers
of different crystallographic directions of the Bri
louin zone of pentacene by APES, also revealin
pronounced band dispersion [41].

2.3 Mixed films

For some applications such as organic photovol
devices or ambipolar transistors, a co-depositiof
hole and electron conducting materials is need
e.g. pentacene and C60. This gives rise to a wi
z00 of possible growth scenarios, depending on |
the different materials mix. For the co-deposition
pentacene and 6,13-pentacenequinone (an oxid
state of pentacene) a pronounced phase separ
is observed, depending on deposition rates [42]
the same time, the formation of the pentacene |
phase is suppressed in mixed film.

3 Pentacene OTFT properties

3.1 Mobility and charge carrier density

The most simple pentacene OTFT test structure
in many labs is based on a Si wafer piece cove
with a thermal oxide. Here, the heavily doped
wafer takes the role of the back gate electrode,
the SiG, takes the role of the gate dielectric. A pe
tacene thin film is deposited as the semiconduc

idtere, as a substrate, heavily n-doped Si-wafers with
+a 150 nm thick thermal SiO2 layer on top of it were
nigsed. Additionally, a very thin layer of polysterene
sica. 2nm - 3nm) was spin cast on top of the sili-
ngpn oxide layer. A shadow mask was used to define
x50 nm thick source and drain Au contacts that were
e@vaporated in vacuum. Finally a 50 nm pentacene
alayer was evaporated at room temperature at a depo-
ugition rate of about 1 nm/minute in a separate evap-
Xi@iation chamber, also using a shadow mask. This
ioway, transistor channels with a length of125 um
[-and a width of W= 1000 um were obtained, cf.
gsahematic in Fig. 4. The output curve of this device
shows a linear increase of the drain current for small
drain voltages, and subsequently saturation occurs.
The transfer characteristics of this device are shown
in Fig. 4b. The logarithmic scale reveals a sharp
tqpset of the transistor activity and a subthreshold
]%\f\/ings = Vg /log(IsD) = 1.1V per decade.
ed. Pentacene OTFT curves are usually analyzed within
1(M§DSFET theory [43]. For the geometry of the de-
\Jice used in Fig. 4, which has a channel width-(W
o000 zm and a channel length=t 25um, the source-
igéain current (o) in the linear regime¥{sp <<Vg—Vr7)
2580 be written as:

At
ulk

lin

Igh = W/L-u”"-Ci-(VG—VT)'VSD (1)

Here, the graded channel approximation has been
used. C; is the capacitance per unit area of the di-
electric and \+ is the threshold voltage:'” is the
mobility in the linear regime. The respective mea-
surements are shown in Fig. 5a.

For the saturation regim&§p >>Vs—Vr) the
iIseebumulation within the channel is incomplete. This
red calledpinch off arises due to the superposition of
$he gate and drain potential. The source-drain cur-
areht (Isp) in the saturation regime reads:

n
ting

Sat __
ISD -

W/(2L)-p** - Ci- (Vo = Vr)* (2)
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Fig. 4 Characteristics of a bottom conta¢

pentacene OTFT.Channel geometry: £

25 um, W= 1000 pum (see text and inset).

Sweep rate: 0.4 V/s, the measurement was

formed in vacuum. (@) Output characteristi
[lsp vs Vsp, Vg as indicated in the inset]. (I

and Transfer characteristics b vs V¢ in log.
scale, \kp as indicated in the inset].

The respective measurements are shown in Fig|
The mobility in the saturated regimg*¢t) can be
read off from the slope of the output curve (straig
lines in Fig. 5b, square root scale at y-axis) using
(2). We obtainu®e = 0.06 cm?/(V's), which com-

pares reasonably well to typical values for the b
tom contact geometryu(~ 0.1 — 0.3 cm?/(V's)).
The mobility in the linear regime{*") can be read
off from the slope of the output curve (Fig. 5a, li
ear scale at y-axis) using Eq. (1). We obtalfi* =

0.04 em? /(V's), which is slightly reduced compare

to u*¥ = 0.06 em?/(Vs), indicating some nont

ideal behavior.

g

=)

. V=3V
. VSD=-5V i
Voo =-10V 1
15 30
- Vg =-10V
. v =20V |
v =30V
-30 15 15 30

0
VoM
Fig. 5 Transfer characteristics. (a) Linear
regime (kp vs Vg), the straight lines indi-
cate the slope determining'"™ according to
Eg. (1). (b) Saturated regime/fsp vs Vg),
the straight lines indicate the slope determining

15t according to Eqg. (2). Same device as in

per- Fig. 4.

CS

)

The mostimportant physical parameter of an OTFT
beyond the mobility. is the number of charge car-
riers (n,) induced by a given gate voltage &Y. ny,
can be estimated from the measured channel con-
ductivity o by

5b.

Rty

&

ny-q-p=oc/d=L/(W-R) €©)

Here,d is the active channel thickness (1-2 mole-
ar layers) and q is the elementary charge of a
ole. For the transistor used in Fig. 4, we measure
R=2810°QatVs = —-30VandVsp = —10 V.

0Itn turn, according to Eq. (3), the hole carrier density
at this set pointisy;, = 0.9 - 102cm 2.

3.2 Influence of trap states and fixed in-

d terface charges

An example for the dynamic behavior of a pentacene

OTFT is shown in Fig. 6a. Here, the gate voltage

(© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(V) is first swept from positive to negative vol
ages (sweep rate 0.4 V/s, black data points in Fig.
6a), and then immediately from negative to positive
voltages (red data points in Fig. 6a) for the same
fixed value of the drain voltage @6 = —20 V). A
pronounced hysteresis is observed. This hysteresis
can be interpreted as an apparent shift of the thresh-
old voltage AV ) induced by a charging; of the
pentacene/SiQinterface due to filling and empty-

ing of trap states. The number of trap states can be
estimated by

ne = Qi/q=AV-Ci/q 4)

The observed threshold shift &V = 2.0 V re-
sults in a trap density,n= 2.4-10'! traps/cm. This
number is not so small compared to the numbef of
charge carriers.;,, indicating that traps largely in-
fluence the device performance. One may speculate
whether structural defects within the pentacene film
contribute to trap states. An x-ray analysis of the
defect densities in pentacene films revealed defect
densities in the order of,n= 2 - 10! defects/cr
[44], in good agreement with the trap densityim-
ferred from the electronic characterization. Thus,
the observed structural defects apparently contribute
to trap states. It is well known, that the hystere-
sis and thus the trap density depends on the nature
of the gate dielectric surface. Especially hydroxyl
groups are considered as potential trap states, there-
fore a passivation of the gate oxide by either silanjza-
tion [45] or polymer capping (here: polystyrene fil
is needed to minimize trap densities.

A subsequent study of the pentacene TFT reveals
also an irreversible drift of the transfer curve with
operating time, cf. Fig. 6b. This drift can be inter-

=20V |

SD

0 15 30
A

. first meésurementl

o last measurement
0.003 g
0.002- \ 1
0.001- \ J

Vg =-20V

0.000- ; ] ;
-30 -15 0 15 30

V.M

Fig. 6 Hysteresis effects and voltage drifts in
the transfer characteristicsSweep rate is 0.4
V/s, same device as in Fig. 4. (a) A gate sweep
from positive to negative voltages (black data
points), and back (red data points) for the same
fixed value of the drain voltage > = —20

V) reveals a hysteresis effect. (b) After a cou-
ple of measurements (one hour later), a rather
stable shift of the transfer curve due to fixed
charges is established for the same device.

3.3 Injection

preted as an interface charging due to deep trap|léhe whole TFT performance is largely influenced
els, also termed fixed charges. The observed voltdgeinjection efficiencies. In particular surface con-
shift of AV= 6.5 V implies a fixed charge densitytaminations such as remanent photo resist or organic
nas = 7.7 - 10 cm~2. Note that this density is al- adsorbates due to air or solvent exposure can modify
ready of the order of the charge carrier density nthe work function of the Au electrode up to a point,
In turn, voltage shifts in pentacene TFTs can cqrthat charge injection is locally suppressed. The in-
pletely redefine the working point of a transistpjection properties of two selected TFT devices from
For the application of such TFT devices in e.g. ringur lab are compared in Fig. 7. Both devices are
oscillators [46], one should find a way to contfobperated at ¥ = —30 V. The output characteris-
these drifts. Recent work suggests that contro|léids of the two devices show a pronounced differ-
generation of fixed charges at the gate dielectrig leyce for small drain voltage 3. While one de-
UH-light exposure might be used to store electrgnice (so calledyood devicegblack data points in Fig.
cally readable information in a pentacene TFT (0r¥® shows an ohmic increase gfj as a function of

bit per transistor). Vsp, the other device shows a damped response (so

(© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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calledbad devicered data points in Fig. 7). Note
that the amplitude ofdp of the bad device has been
rescaled for better comparison. Both devices
bottom contact TFTs of similar geometry, however,
the preparation of the contacts was different. The
contacts of the good device were fabricated using
a shadow mask, while the contacts of the bad
vice were made produced using optical lithography.
Optical lithography involves resist and use of spl-
vents such as acetone, which apparently can lead to
less efficient contact properties. The physical mech-
anism which gives rise to the non-ohmic behavior
remains unclear at this level of analysis and thus|us-
ing equivalent circuits [47] which take account of
the observed deviations from ideal MOSFET behav-
ior seem to be the most practical way to deal with

4 32 24 TEVEV g
sl ‘ ‘ .
are
& 304 ]
cC
5
de- §
2
< 154 .
400 600 800

wavelength [nm]

Fig. 8 Absorption spectra. Wavelength de-
pendency of the absorption of a 50 nm pen-
tacene thin film on glass.

these effects.

V,=-30V
0.94
8 " good contact
o 0.6 | bad contact 4
[0
N |
®
£
8 03 = ...o
....
g
0.0 ‘ , ~/
0 -10 -20 -30
VSD[V]
Fig. 7 Injection efficiencies of pentacer

TFTs. Comparison of ohmic and non-ohmijc

behavior. The contacts of the so callgdod

devicewere fabricated using shadow mas
and the contacts of the so callé&d device

were fabricated using optical lithography.

4 Photoresponse

For this purpose, we have adapted a laser scanning
confocal microscope experiment to spatially resolve
the photo response of a TFT. The experimental setup
is shown schematically in Fig. 9a. The laser spot
size on the TFT is less tharum. A x-y-z piezo-
positioner stage [51] which is mounted on top of a
X-y translation stage is used to translate the sample
with respect to the laser. The reflected beam allows
to identify the contact and the channel region. The
laser beam is modulated by a chopper, and the dif-
ference signal is extracted using a lock-in amplifier.
e

We observe a strong photo response localized at
the anode [52]. The response is inhomogenous along
ghe contact indicating variations in the transport or
injection properties of the device. These variations
may be due to local variations of the contact work
function, or due to bad physical contact of the pen-
tacene grains adjacent to the electrode, or due to a
local enhancement of defect densities in the pen-
tacene film. Thus, a systematic study of the photo

Pentacene shows a strong absorption in the vigigSPONse in combination with the respective charac-

(see Fig. 8), more optical properties of pentac

- Hvistic transistor curves allows visualizing problem-

films can be found in [48]. If pentacene is combine@fic regions of an OTFT, which is a key prerequisite

with a proper n-conductor such as C60, it can

fiar device optimization.

used as active region in a solar cell [49]. Transient

photoconductivity experiments using optical pu

p 5 Outlook

terahertz probe techniques suggest that charge photo
generation occurs in pentacene on a subpicosec&ahtacene has all the qualities needed for an OTFT.

timescale [50].

The main challenge is the control of the contact and

Here, we employ photo generated electron-hadkelectric interfaces to suppress the voltage drifts
pairs to analyze local properties of a TFT devicand hysteresis effects associated with trap states. Also

(© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(a) Reflection signal and NIM. Purified pentacene was received from J. Pflaum,
| Veo Universitat Stuttgart. The x-ray experiments were per-
1= formed at NSLS in Brookhaven and at HASYLAB in Ham-

lasepbean burg. We are grateful to J. Kotthaus for providing access
CAEEND El to clean room facilities at LMU. Finally, it is a pleasure to
confocal microscope . . . X ..
Pentacene At 3 acknowledge frw_tful discussions with t.he pammpants of
onAu 4 SPP1112, and with N. Koch and U. Beierlein.
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