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Pentacene thin film transistors on inorganic dielectrics: Morphology,
structural properties, and electronic transport

D. Knipp,a) R. A. Street,b) A. Völkel, and J. Ho
Palo Alto Research Center, 3333 Coyote Hill Road, Palo Alto, California 94304

~Received 2 July 2002; accepted 8 October 2002!

The structural and transport properties of evaporated pentacene organic thin film transistors~TFTs!
are reported, and they show the influence of the deposition conditions with different inorganic
dielectrics. Dielectrics compatible with large area fabrication were explored to facilitate low cost
electronics on glass or flexible plastic substrates. X-ray diffraction and atomic force microscopy
show a clear correlation between the morphology and the structure of the highly polycrystalline
films for all dielectrics investigated. The roughness of the dielectric has a distinct influence on the
morphology and the structural properties, whereas the films on smooth thermal oxide are in general
highly ordered and independent of the deposition conditions. The ordered films exhibit a ‘‘thin film’’
and a bulk phase, and the bulk phase volume fraction increases with the deposition temperature and
the film thickness. Careful control of the deposition conditions gives virtually identical films on
thermal oxide and silicon nitride dielectrics. The electronic properties of inverted staggered
transistors show that the TFT mobility is correlated with the morphology and structure of the films.
The TFTs exhibit very similar mobilities of;0.4 cm2/Vs and on/off ratios.108 on thermal oxide
and silicon nitride. The impact of the dielectric on the device parameters of mobility, threshold
voltage, and subthreshold voltage slope is discussed. Temperature dependent measurements of the
mobility were performed to study the influence of traps on electronic transport. Bias stress
experiments were carried out to investigate the stability of the TFTs, and to gain understanding of
the transport mechanisms of thermally evaporated pentacene TFTs. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1525068#
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I. INTRODUCTION

Electronics based on organic and polymer materials h
attracted much attention in recent years. The interest ca
attributed to emerging demands in novel electronic devi
like radio frequency tags~wireless transponders!, smart
cards, and display media~active and passive! on low cost
and/or flexible substrates. Progress in this field has been
tained by improvements of the material properties1–3 and in
the development of processing techniques such
printing,4–7 stamping, or other high volume parallel proces
ing technologies. The processing techniques facilitate
terning of organic and inorganic materials without usi
standard photolithography. Therefore, most of the resea
has been driven by an interest in low cost electronics. Up
now amorphous and polycrystalline silicon have domina
low cost electronics due to low processing temperatures
the application of low cost substrates like glass or flexi
foil, which facilitates scaling of the process to larger su
strates.

Pentacene (C22H14) has demonstrated the highest ho
and electron mobility of organic small molecules. The ma
rial exhibits a strong tendency to form highly ordered film
which depend on the growth conditions and the substr
Bulk single crystals are not favorable for low cost electro
ics, because the fabrication is time consuming and the c
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tals are small. Thin films are more favorable, because t
can be fabricated on various low cost substrates. The h
mobility of thin film pentacene is close to the intrinsic tran
port limit of bulk single crystals, and thin film transistor
~TFTs! with mobility of >1 cm2/Vs have been fabricated b
several groups.2,8–11 The mobility is therefore comparabl
with that achieved by amorphous silicon TFTs and hen
pentacene TFTs might be considered for large area ac
matrix arrays. Promising methods for the fabrication of pe
tacene for low cost electronics on large areas are org
vapor phase deposition12 and thermal evaporation.8 In this
article we focus on thermally evaporated pentacene.

The thermally evaporated material is polycrystalline a
has large grains. The diameters are usually in the range
few microns.8,11,13 Despite the enormous progress in the
alization of TFTs with good properties, the transport mec
nism especially of polycrystalline films is not complete
understood. Furthermore, most of organic TFTs so far h
been fabricated on thermal oxide coated crystalline waf
Thermal oxide on silicon wafers is a favorable substrate
the growth of pentacene, but for the applications intend
silicon substrates are too small and expensive.

One of the requisites for the realization of low cost ele
tronics is low cost substrates, for example, kapton~polyim-
ide!, polyethyleneterephtalate~PET!, polyethersulfone
~PES!, or glass. To our knowledge, only a few resear
groups8–11 have demonstrated pentacene TFTs on large a
compatible dielectrics with high mobility. Attractive larg
area compatible inorganic dielectrics are sputtered Al2O3 ,
© 2003 American Institute of Physics
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sputtered silicon oxide or plasma-enhanced chemical va
deposited~PECVD! silicon nitride, and silicon oxide. In this
article we focus on a comparison of PECVD silicon oxi
and silicon nitride dielectrics, because they are compat
with existing display technology.

Section II of the article contains a brief description of t
film and device preparation. Section III discusses the m
rial properties of pentacene films deposited under differ
conditions on various dielectrics. Section IV describes
device performance of TFTs on different dielectrics taki
the morphology and the structural properties of the mate
into account. The morphology of the material is correla
with the mobility of the organic thin film transistors in Se
IV A. In Sec. IV B the electronic transport of the pentace
TFTs is discussed with a comparison of TFTs on therm
oxide as the standard or reference dielectric, and TFTs
PECVD silicon nitride, which is a very promising dielectr
for large area organic electronics. The temperature depen
mobility of the TFTs is compared for different dielectrics
Sec. IV C. The stability and the influence of bias stress on
behavior of the TFTs are discussed in Sec. IV D.

II. DEVICE PREPARATION

Bottom gate, inverted staggered transistor configurati
were selected to evaluate different material compositions
silicon wafer and glass substrates, and are illustrated in
1. The highly doped wafer, upon which a 100 nm dielect
was grown, formed the gate electrodes for TFTs on silic
substrates. Samples on glass substrates had a metal gate
trode~Cr! with thickness of typically 100 nm. The roughne
of the glass substrate~Corning 1737! is similar to that of a
crystalline silicon wafer. The gate dielectrics were PECV
silicon oxide or silicon nitride. To improve the device pe
formance of polycrystalline pentacene TFTs the dielec
can be treated by a self-assembled monolayer~SAM!, which
changes the surface wetting properties of the dielectric.
tadecyltrichlorosilane~OTS! is a promising SAM which has
already been widely studied.8 Monolayers of OTS on therma
oxide and PECVD silicon oxide were formed by dip coati
the substrate into a solution of OTS diluted with toluene
hexadecane.

The pentacene films were deposited using a ther
evaporation system, keeping the temperature of the so
between 285 and 325 °C. Films were prepared between r
temperature~RT! and 110 °C substrate temperature us
deposition rates in the range of 0.5–3.5 Å/s. We used 9
pure pentacene~Aldrich! and two times sublimation purified

FIG. 1. Schematic of inverted staggered TFT test structure on highly do
c-Si wafer or glass substrate with a gate electrode. The gate dielectric
formed by thermal oxide, PECVD silicon nitride, or silicon oxide. The dra
and source contacts were realized by evaporated gold.
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material for the depositions. The drain and source conta
were formed after thermal evaporation of pentacene usin
shadow mask to form 100 nm thick gold drain and sou
contacts. The top contact structure is simple and helps en
that the TFT measurements reflect the differences in the
electrics rather than possible contact effects. Test struct
with TFT lengths of 30–150mm were fabricated, and the
TFT width is in the range of 0.1–5 mm.

III. MATERIAL CHARACTERIZATION

The surface morphology of the pentacene films on d
ferent dielectrics was studied with atomic force microsco
~AFM! and x-ray diffraction~XRD!. All pentacene films de-
posited on thermal oxide exhibit high structural order. T
morphology of a pentacene film on thermal oxide prepare
elevated temperature is shown in Fig. 2a. The 50–70
thick film exhibits a dendritic structure, in which the size
the dendrites ranges from 3 to 6mm. The corresponding
x-ray diffraction pattern in Fig. 3 contains a series of (00k8)
lines, indicating a highly textured material. The film consis
mainly of one phase with a first order diffraction peak
5.73° that corresponds to a lattice spacing of 15.5 Å. In
literature this is called the ‘‘thin film phase’’ and its structu
has not been fully determined. The lattice spacing cor
sponds to a tilt of the molecules of 17.1° to the surface n
mal, assuming a triclinic single crystal structure.11,12 The
x-ray measurements exhibit a second (00k) spacing from a
second phase of the material, which is the crystal bulk ph
of the material. The measured x-ray diffraction angle
6.10° corresponds to a layer-by-layer spacing of 14.5 Å a
a tilting of the molecules to the surface normal of 25.7
Single crystalline pentacene exhibits a tilt of thec axis of
the molecule of 25.2°, which is within experiment
uncertainty.14,15

The morphology and the structural properties of pen
cene films were studied as the substrate temperature, de

ed
as

FIG. 2. Atomic force microscopy images of thermally evaporated pentac
films ~50–70 nm! on inorganic dielectrics:~a! thermal oxide,~b! thermal
oxide with OTS,~c! rough PECVD silicon nitride, and~d! smooth PECVD
silicon nitride.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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tion rate, and layer thickness were varied. Figure 4 shows
ratio of the two diffraction peaks at 5.73°~thin film phase!
and 6.10°~bulk phase! as a function of the crystal size o
pentacene films on thermal oxide. The substrate tempera
was increased from room temperature to 90 °C and the d
sition rate was 3.5 Å/s. Enhanced substrate temperatures
to an increase of the crystal size from;150 nm to;5 mm.
The ratio of the diffraction peaks changes as a function of
substrate temperature from,0.03 to.1. A further increase
of the substrate temperature~to .90 °C! leads to no growth
of pentacene on the substrate. The increase of the crysta
and the shift of the diffraction peaks from the thin film pha
towards the bulk phase were also observed for other dep
tion rates and substrates. At reduced deposition rates,
transition from the growth to the nongrowth region shi
toward lower substrate temperature. Furthermore, large c
tals can already be grown at lower substrate temperatu
The change of the ratio of the XRD intensities in Fig.
reveals that an increase of the substrate temperature resu
a change of the volume fraction of the two-phase syst
Therefore, the structure of the two-phase system~thin film
phase and bulk phase! shifts towards the bulk phase fo
higher temperatures. However, the thin film and the b
phase are both crystalline and highly ordered.

FIG. 3. X-ray diffraction pattern of thermally deposited pentacene film o
100 nm thick thermal oxide film. The thickness of the pentacene film
approximately 70 nm. The deposition rate was kept constant~0.5 Å/s!.

FIG. 4. Ratio of x-ray diffraction peaks (001)/(0018) of thermally evapo-
rated pentacene films on thermal oxide. The thickness of the film is 200
and the substrate temperature was varied from room temperature to 9
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The influence of the deposition rate and the thickness
the film on the crystal size and the x-ray diffraction of th
films are shown in Fig. 5. The size of the dendrites is e
hanced as the deposition rate decreases, but the ratio o
diffraction peaks of the films remains nearly unchanged. T
behavior occurs for deposition rates ranging from 0.5 to
Å/s and for film thickness up to 250 nm. However, an i
crease of the film thickness does not affect the size of
dendrites. Therefore the initial nucleation sites determine
morphology of the final layer and only the roughness of
pentacene films increases with an increase in film thickn
The x-ray diffraction of the film however shifts from the thi
film phase towards the bulk phase of the material with
increase in thickness. The results indicate that a thin fi
layer of pentacene is grown at the interface of the dielec
and the channel. With an increase in thickness the struc
of the film changes towards the bulk phase. However,
AFM measurements indicate that the morphology of ve
thin layers of pentacene is not characterized by a dend
like structure. Instead, a very thin layer grows as a conti
ous film, which changes to dendrite-like growth at a lay
thickness of 5–15 nm. This is of particular interest beca
current transport of the TFT largely occurs in a thin layer
the interface.

When the thermal oxide is treated with an OTS mon
layer, the crystals exhibit a reduced size of 1–2mm. An
AFM image of a pentacene film grown on an OTS trea
substrate is shown in Fig. 2~b!. The monolayer changes th
surface properties of the thermal oxide to a more hydrop
bic surface, as shown by the surface-wetting angle of 9
The growth of pentacene on OTS is characterized by isl
formation but no dendrite-like crystal formation is observe
The x-ray diffraction pattern of pentacene films on OTS e
hibits maxima at 5.74° and 6.11°, so the position of the d
fraction maxima is unchanged. However, the XRD measu
ments indicate a change of the structural properties of
pentacene films due to OTS treatment. The crystalline b
peak at 6.11° was increased for the OTS treated dielect
whereas the intensity was reduced for the thin film pha

a
s

m
C.

FIG. 5. Ratio of x-ray diffraction peaks (001)/(0018) of thermally evapo-
rated pentacene films on thermal oxide.~a! Influence of the deposition rate
~b! influence of the layer thickness.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Therefore the growth process of pentacene is affected by
wetting properties of the dielectric. AFM images of very th
layers of pentacene on OTS treated substrates confirm t
results.16 In the case of OTS treated substrates the pentac
molecules prefer to grow more vertically rather than latera
like what is observed for hydrophilic substrates.

Figure 2~c! shows an atomic force image of a pentace
film grown on a 100 mn thick PECVD silicon nitride dielec
tric. The pentacene deposition rate was 0.5 Å/s and the
strate temperature was kept constant at 70 °C during dep
tion. Small crystals 100–200 nm in diameter characterize
morphology of the film. Changing the pentacene deposit
conditions ~substrate temperature and the deposition ra!
leads to only minor changes of the morphology of the fil
The results for these early PECVD silicon nitride dielectr
are evidently completely different from the results observ
for thermal oxide@Fig. 2~a!#. The material is disordered
without preferential orientation, since no x-ray diffractio
pattern could be measured. AFM measurements of the sil
nitride dielectric itself showed that the dielectric has a pe
to-valley roughness of 5.5 nm@and root mean square rough
ness~rms! of 0.8 nm# on single crystalline wafers and a
even more pronounced roughness of 9.5 nm~rms of 1.4 nm!
on glass substrates. As might be expected, the rough
increased with the thickness of the dielectric. For comp
son, the peak-to-valley~rms! roughness of our thermal oxid
is 0.5 nm ~0.15 nm!. However, using the PECVD silicon
nitride dielectric for amorphous silicon and polysilicon TF
provides mobility of ;1 cm2/Vs ~Ref. 17! and .100
cm2/Vs.18

To improve the growth of pentacene on the large a
and/or low cost compatible substrate, we modified the fa
cation process of the PECVD silicon nitride layer so that
surface of the dielectric becomes smoother.13 In Fig. 2~d!,
shown is an AFM image of a pentacene film which w
grown on a PECVD silicon nitride film with a 2.7–3.0 nm
peak to valley roughness and 0.35 nm rms roughness.
smoother dielectric evidently results in greatly improv
pentacene growth. We obtained the typical dendrite-l
shape of pentacene prepared at elevated temperature
same deposition conditions were used to grow the penta
films in Figs. 2~a! and 2~d!, and the film thickness wa
50–70 nm in both cases. Virtually no difference in morph
ogy could be observed for the film on thermal oxide@Fig.
2~a!# and on PECVD silicon nitride@Fig. 2~d!#.

The morphology results are confirmed by measureme
of the structure. The x-ray diffraction pattern of pentacene
smooth silicon nitride is shown in Fig. 6. A comparison
the diffraction patterns in Figs. 3 and 6 indicates that b
films are highly ordered. Both films exhibit typical x-ra
peaks at 5.74°, corresponding to the thin film phase, an
distinctly smaller peak at 6.10°, corresponding to the crys
line bulk phase of the material. A comparison of the third a
the fourth order diffraction peaks indicates higher diffracti
intensities for the pentacene film on the thermal oxide.
this point it is not clear whether the reduced peaks for
film on PECVD silicon nitride are due to the reduced lon
range order of the film or due to uncertainties in the XR
measurement. Further work is required to quantify diffra
Downloaded 26 Jul 2003 to 171.66.158.56. Redistribution subject to AI
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tion intensities for different films and substrates, but it
evident that very similar pentacene can be grown on the
dielectrics.

The morphology of pentacene films on PECVD silico
oxide is characterized by the formation of relatively sm
crystals with typical diameters of 1–2mm. As growth pro-
ceeds, a transition is observed from the growth of individ
crystals towards the formation of a continuous film.

In summary, material with similar morphology can b
grown at different preparation conditions. At lower substra
temperatures~70 °C! a low deposition rate~0.5 Å/s! is re-
quired to grow material with large crystals~>5 mm!,
whereas for higher substrate temperatures~90 °C! the depo-
sition rate can be increased so large two-dimensional crys
will form. These observations indicate increased surface m
bility of the material at higher temperature, which results
faster formation of crystals. Again, the thin film and crysta
line phase are both polycrystalline and highly ordered. T
structural properties of thin pentacene films are domina
by the thin film phase of the film. The change of the ratio
the XRD intensities in Figs. 4 and 5 reveals that an incre
of the substrate temperature and film thickness results
change of the volume fraction of the two-phase material. T
composition of the two-phase material~thin film phase and
bulk crystalline phase! shifts towards the crystalline phas
for higher temperatures.

The substrate properties also strongly affect the m
phology and the structural properties of pentacene films. T
includes not only the physical~roughness! but also the
chemical~surface wetting! properties of the dielectric. There
fore, the morphology and the structural properties of
films are determined by the physical and chemical proper
of the dielectric. The properties of very thin films are dom
nated even more by the substrate and the surface prope
and less by the deposition parameters.

IV. DEVICE CHARACTERIZATION

A. Influence of the dielectric on the mobility

The mobility of pentacene TFTs on different inorgan
dielectrics is given in Fig. 7, and is correlated with the pe

FIG. 6. X-ray diffraction pattern of thermal deposited pentacene film o
100 nm thick amorphous silicon nitride film. The thickness of the pentac
film is approximately 70 nm. The deposition rate was kept constant~0.5
Å/s!.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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tacene crystal grain size. As a standard and reference di
tric we used silicon thermal oxide, because it is well kno
that oxidized silicon wafers are favorable substrates for
growth of pentacene. Many samples were measured and
boxes in Fig. 7 indicate the range of values obtained for
different dielectrics. The pentacene TFTs on thermal ox
deposited at 70 °C exhibit mobilities of the order of 0.2–0
cm2/Vs and the size of the dendrites ranges from 2 to 6mm.
The mobility was extracted from fits to the saturation regim
The mobility in the linear region is typically 0%–20% lowe
than the saturation mobility. The corresponding AFM ima
is shown in Fig. 2~a! and the XRD pattern in Fig. 3. Th
on/off ratio of the TFTs is more than eight orders of mag
tude. There is a small positive onset voltage of the dr
current and a negative threshold voltage. A more deta
description of the TFT performance on thermal oxide
given elsewhere.13

When the thermal oxide is treated with an OTS mon
layer, the mobility increases to;1.0 cm2/Vs although the
crystal size was significantly reduced to 1–2mm, and the
pentacene films on OTS barely exhibit dendrites. Transis
using OTS treatments exhibit a larger variation in mobil
from run to run~0.5–1.4 cm2/Vs! using the same preparatio
conditions, and this may be due to differences in monola
formation. In general, all the TFTs exhibit variation in th
device parameters from run to run even when using the s
preparation conditions. The mobility and the on/off ratio
TFTs made on untreated dielectrics can be relatively w
reproduced, whereas the threshold behavior of the devic
affected more by variations.

The TFT results for the smooth PECVD silicon nitrid
are similar to those of the untreated thermal oxide devi
~see Fig. 7!, and a typical TFT transfer characteristic
shown in Fig. 8. The mobility of the smooth PECVD silico
nitride TFTs varies between 0.2 and 0.55 cm2/Vs, and the
crystal size range is 3–7mm. The transfer characteristic
tend to be shifted toward more negative voltage, proba
reflecting different charging of silicon nitride. The similarit
in TFT properties mirrors the close similarity in morpholog
and structure of the pentacene on the two dielectrics, as

FIG. 7. Mobility of thermally evaporated pentacene thin film transistors
different inorganic dielectrics~thermal oxide with and without OTS
PECVD silicon oxide with and without OTS, and PECVD silicon nitride! as
a function of the crystal size. The crystal size was determined by A
measurements.
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cussed in Sec. III. Pentacene films on rougher silicon nitr
have reduced mobility by a factor of;100, down to
1023– 1022 cm2/Vs.

For pentacene TFTs on PECVD silicon oxide, the m
bility and the crystal size are reduced to;0.07 cm2/Vs and
;1 mm, respectively~see Fig. 7!. The use of OTS doubles
the mobility to ;0.18 cm2/Vs. AFM measurements of the
substrate indicate that the dielectrics are too rough to prov
growth of larger dendrites. Nevertheless, the application
OTS leads to an improvement of the mobility by a factor
2–3, which is similar to the improvements on thermal oxi
substrates. The on/off ratio of the thin film transistors
thermal oxide~with and without OTS! and on PECVD sili-
con nitride was.108, whereas the on/off ratio of TFTs o
PECVD silicon oxide~with and without OTS! was slightly
reduced to.107. All the TFTs had similar off currents in the
range of 1–10 fA/mm and these low values are limited b
our measuring setup. Therefore, the geometry of the tran
tors and the on current of the TFTs partially determine
on/off ratio.

In general, the strong correlation between the morph
ogy and the structural properties is reflected in device p
formance. The TFTs on thermal oxide and PECVD silic
nitride exhibit the same morphology, structural properti
and room temperature mobility. Decreasing the crystal s
as observed for the PECVD silicon oxide, reduces the m
bility. In this case the reduction in crystal size seems to
attributable to the increased roughness of the dielec
However, the surface wetting properties add another par
eter, which significantly changes the growth process and
TFT performance. Consequently, OTS treated dielectrics
hibit two to three times higher mobility.

B. Comparison of pentacene TFTs on thermal oxide
and PECVD silicon nitride

A typical transfer curve of a TFT on smooth PECV
silicon nitride is plotted in Fig. 8. The thickness of the d
electric is 100 nm and the thickness of the polycrystall
film is 70 nm. The surface analysis of the pentacene films
AFM showed large dendrites with diameters up to 5mm. The
transistor in Fig. 8 exhibits mobility of 0.43 cm2/Vs using a
transistor length of 100mm and aW/L of 10, and the on/off

n

FIG. 8. Measured transfer curves of a pentacene TFT deposited on si
nitride ~100 nm! for VD521 and230 V. The pentacene film with thicknes
of approximately 70 nm was prepared at 70 °C substrate temperature
deposition rate of 0.5 Å/s.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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ratio of the TFT is.108. The leakage current is only slightl
increased for higher positive voltages, so the on/off ra
remains higher than eight orders of magnitude over a w
range.

The subthreshold slope, which describes turn on of
TFTs, is another measure of device quality, and is defined

S5
]VG

]~ log I d!
. ~1!

The subthreshold slope derived from the transfer charac
istics of the TFTs is shown in Fig. 9. There is a minimu
slope of 0.4 V/decade for the silicon nitride and a slope
0.75 V/decade for the thermal oxide. In both cases the th
ness of the dielectric is 100 nm, but the difference in thre
old slope approximately reflects the different dielectric co
stant of thermal oxide and silicon nitride. We calculate
capacitance of 66 nF/cm2 for the silicon nitride and 34
nF/cm2 for the thermal oxide. Therefore, the subthresh
slope in charge/decade measured is equal for thermal o
and silicon nitride devices. The results demonstrate that
slope of the thermal oxide is only slightly better than that
the PECVD material. It is known that the defect density
our silicon nitride is 431017 cm23,19 and therefore is more
than five orders of magnitude higher than the defect den
of thermal oxide. However, the subthreshold slope is app
ently dominated by the material properties of the pentac
itself and less determined by defect states of the dielec
suggesting that trapping principally occurs in the organic m
terial rather than in the dielectric.

The results for thermal oxide and PECVD silicon nitrid
are similar but the electronic transport of these polycrys
line films and the role of traps are not completely und
stood. In particular the influence of the grain boundaries
the nature of defects at the grain boundaries are still un
discussion.20,21 The experimental evidence clearly indicat
that traps limit electronic transport,22 and may be controlled
by external influences.23 Our experimental results for ther
mally evaporated pentacene films suggests that accepto
donor states are required to describe electronic transport

FIG. 9. Subthreshold slope of a pentacene TFT on thermal oxide and si
nitride as a function of the gate charge. The pentacene film with thicknes
approximately 70 nm was prepared at 70 °C substrate temperature at a
sition rate of 0.5 Å/s.
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potential barriers are not sufficient to describe the dat21

With a decrease in crystal size the TFTs are less stabl
atmosphere,24 which can be explained by the penetration
oxygen. In order to understand the influence of oxygen a
the nature of defects further studies are necessary.

C. Temperature dependent mobility

Further information about trap states near the vale
band edge can be obtained by temperature dependent
surements of the TFT parameters. The temperature de
dent mobility of TFTs on thermal oxide and PECVD silico
nitride is shown in Fig. 10. All three TFTs were exposed
air for a few weeks before performing the measurement
no specific precautions were taken to prevent the penetra
of oxygen into the film. For the two films on thermal oxid
and PECVD silicon nitride prepared at 70 °C we measu
the mobilities at room temperature between 0.3 and
cm2/V s. The saturation mobility for both these TFTs d
creases with the temperature, and follows a very similar
pendence. The TFT deposited at room temperature on sil
nitride has a stronger temperature dependence of its mob

The decrease in mobility is an indication of trap sta
near the band edge and shows that the Fermi energy doe
reach mobile states. In contrast, in single crystal pentac
grown with extremely low levels of impurity, the mobility
increased at low temperature and electronic transport
limited by phonon scattering rather than by trapping. For
polycrystalline films, we assume a distribution,NT(E), of
traps above the mobile valence band states. The effec
mobility is the mobility of free carriers reduced by the fra
tion of holes that are trapped,

on
of
po-

FIG. 10. Measured saturation mobility of pentacene TFTs prepared on
mal oxide~70 °C! and PECVD silicon nitride~RT and 70 °C!.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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meff

m0
5

NV

NV1NTH
'

1

11
NTH

NV0
expS EF2EV

kT D , ~2!

where NV0 is the effective density of states at the ener
EV , of the valence band edge, andEF is the Fermi energy.
NTH is the number of trapped holes, determined by the d
tribution NT(E) and the Fermi energy.

A fit of the experimental data to Eq. 225 gives an activa-
tion energy of the hole concentration of 40 meV for t
thermal oxide and 42 meV for the PECVD silicon nitrid
and this is a measure of the trap distribution. It is theref
apparent that both films must have similar trap distributi
The activation energy is in good agreement with experim
tal data from space–charge limited current measurem
based on pentacene films.26

The third curve in Fig. 9 corresponds to a pentacene fi
prepared at room temperature on top of a PECVD silic
nitride dielectric. In this case the room temperature mobi
is slightly below 0.3 cm2/Vs, similar to the other two films
X-ray diffraction measurements confirmed that all three fil
are highly ordered and primarily in the thin film phase. Ho
ever, the morphology of the films is different, in that pen
cene crystals prepared at room temperature are distin
smaller than crystals grown at elevated temperature on t
mal oxide and PECVD silicon nitride. The mobility of th
film prepared at room temperature exhibits stronger temp
ture dependence, with a Fermi level of 110 meV fromEV ,
indicative of a broader distribution of traps. The differe
morphology of the film possibly allows greater penetrati
of oxygen and leads to the creation of more defects in co
parison to in films with large crystals.

The experimental data are in good agreement with
merical calculated data of polycrystalline pentacene TFTs
cently published by Vo¨lkel et al.27 The calculations were
based on an exponential distribution of defects states in
band gap. To describe theI /V characteristic of the TFTs a
room temperature a narrow distribution of donors very clo
to the valence band and a broad distribution of accep
have to be considered. A more detailed description of
model and the influence of the defects on device per
mance will be given in Ref. 28. A comparison between e
periment and simulation reveals that oxygen leads to the g
eration of acceptor-like states deeper in the gap band.

D. Influence of bias stress on device behavior

The threshold voltage, and in particular its shift wi
prolonged application of gate bias stress, is an important
rameter for the characterization of thin film transistors. It
well know that bias stress shifts the threshold voltage in b
organic and inorganic TFTs.13,29–31 The shift in threshold
voltage for amorphous and polycrystalline silicon TFTs h
been extensively investigated.29,30 Its effect can arise from
slow trapping in the dielectric and/or surface states at
semiconductor/dielectric interface, or the creation of defe
in the semiconductor. So far few papers have been publis
that address these issues in pentacene.13,31
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Our stress measurements are made under ambient c
tions and the measuring cycle of the transfer characteris
takes 350 s using voltage steps of 1 V and a delay betw
measuring points of 5 s. The transfer curves of a TFT
smooth PECVD silicon nitride are plotted in Fig. 11 aft
various periods of positive gate bias stress. During an in
val in the stress and the measurement sequence the
voltage is fixed atVD5220 V. The arrow in Fig. 11 indi-
cates the increase of stress time from 0~unstressed! to 10,
30, and 90 min, respectively, and these cause a shif
threshold voltage of about 8 V. The mobility, the on/off rati
and the subthreshold slope are minimally affected by g
bias stress. Figure 12 plots the shift of the threshold volt
for different drain voltages and stress times, and inclu
data for negative gate bias stress. Positive bias stress m
the threshold voltage towards positive voltages, whereas
negative gate stress the threshold voltage shifts towa
negative threshold voltages.

The threshold voltage increases over time but with
nonlinear dependence, and the shift increases with st
bias. There is a more pronounced shift ofVT for positive gate
voltages, but the form of the data for negative bias is oth
wise rather similar. With high positive bias stress (VG

530 V), the subthreshold slope is also affected, and chan
from 0.5 to more than 1 V/decade, while the mobility and t
on/off ratio remain unchanged. The stress measurem

FIG. 11. Measured transfer curves of a pentacene TFT deposited on si
nitride ~100 nm! for VD5220 V. The transfer curve was measured after
10, 30, and 90 min gate bias stress ofVG510 V.

FIG. 12. Measured shift of the threshold voltage of a pentacene TFT de
ited on amorphous silicon nitride~100 nm! under different gate bias stres
conditions. The TFT was stressed for 0, 10, 30, and 90 min.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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were repeated at reduced drain voltages, and we observ
weaker shift of the threshold voltage at lower bias voltag

Equivalent measurements of pentacene TFTs on the
oxide were made and we find similar bias stress behav
Specifically, for TFTs on thermal oxide, a gate bias stress
VG510 and 30 V~off state! leads to a shift of the threshol
voltage ofDVT58.5 and 14.5 V, respectively, very similar t
the observations in Fig. 11. Stressing the TFT in the on s
leads to a reduced shift towards negative voltages.

The change in threshold voltage of other TFTs is d
scribed by the following empirical equation:29

DVT}uVGubtg expS 2
EA

kTD , ~3!

whereVG andt correspond to the gate voltage and the str
time, andb and g are stretching factors. The third term
Eq. 3 describes the temperature dependence, but since
measurements are made at room temperature, this term i
investigated. The pentacene shifts in threshold voltage
described quite well by Eq. 3, and the fits are shown in F
12. With positive gate voltages the stretching factors areb
50.35 andg50.22, and in the case of negative bias stre
the stretching factors areb50.75 and g50.06. The in-
creases of threshold voltage in Fig. 12 can be described
the change of gate voltage fromVG510 to 30 V.

The recovery kinetics after stressing a TFT was a
studied. The recovery of the threshold voltage of a TFT
thermal oxide is plotted in Fig. 12, and similar data are o
tained for the silicon nitride dielectric. After stressing th
sample atVG5630 V for 90 min, the gate and the drai
voltages are switched off and left floating for different pe
ods of time up to 18 h. The transfer curves of the TFT w
measured periodically to obtain the threshold voltage,
the results are shown in Fig. 13 for positive and negative b
stress. The recovery follows a power law time depende
and takes a few days at room temperature to completely
cover the original conditions. The gate and the drain w
grounded during the recovery experiment.

The shift in threshold voltage under bias stress, and
recovery, are very similar for thermal oxide and PECV
silicon nitride dielectrics. These results suggest that the p
tacene material, rather than the dielectric, determines
TFT properties. In general, the shift of bias stress thresh
voltage may be due to charge trapping in the dielectric, tr
ping and slow release of carriers in existing deep states in

FIG. 13. Measured recovery of the threshold voltage of a pentacene TF
thermal oxide. The TFT was stressed atVG5210 and 10 V for 90 min.
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semiconductor~bulk or interface!, or a reversible structura
change in the semiconductor that creates new traps. The
servation of very similar shifts for both the nitride and oxid
dielectrics suggests that charge trapping in the dielectri
not the origin of the effect. The long recovery time and t
fact that neither the measurement cycle nor brief illuminat
gives any observable change in the threshold voltage s
gests that trapping in existing states is also unable to exp
the shift of threshold voltage.

Hence, the results suggest that the shift of threshold v
age may be due to a reversible structural change in the
tacene film, which is induced by the accumulation of eith
holes or electrons and which creates deep localized st
near the interface. The magnitude of the shift requires a s
density of more than 1012/cm2, and the defects need to b
acceptor like for positive bias stress and donor-like for ne
tive bias stress. The bias measurements therefore under
that donor- and acceptor-like states are needed to des
the behavior of polycrystalline pentacene TFTs. Further st
ies are needed to confirm that structural changes in the
tacene are indeed the origin of the shift of threshold volta
and to identify the defects.

V. CONCLUSIONS

The structural and transport properties of polycrystall
pentacene on different dielectrics have been investiga
The films were thermally deposited on thermal oxide~with
and without OTS!, PECVD silicon nitride, and silicon oxide
~with and without OTS!. The material consists of two phase
a thin film and a bulk crystalline phase. The compositi
tends towards the crystalline phase and the formation
larger crystals at higher deposition temperature. The st
tural properties of the films are closely correlated with t
morphology for each dielectric investigated. The growth
pentacene on silicon nitride is largely determined by
roughness of the underlying film. By preparing smooth s
con nitride films we have improved the structural propert
of the pentacene film so that it is equivalent to films dep
ited on thermal oxide. The surface chemistry also ha
strong influence on the growth of the material and electro
properties. Changing surface wetting more towards a hyd
phobic surface by using OTS leads to the growth of sma
crystals but the mobility is improved by a factor of 2–3 f
thermal oxide and PECVD silicon oxide.

PECVD silicon nitride appears to be a good candid
for large area compatible and inorganic dielectrics, beca
the fabrication process is an already established and w
known process. TFTs on thermal oxide and PECVD silic
nitride exhibit mobilities of around 0.4 cm2/Vs and on/off
ratios of more than eight orders of magnitude. The morph
ogy and the structural properties of pentacene films on th
mal oxide and PECVD silicon nitride are very similar. Eve
the trap distribution determined for TFTs on the differe
dielectrics is similar. Investigations of the subthreshold slo
also revealed that the material itself determines transport
that trapping in the dielectric is only a minor effect. Inves
gations of TFTs under stress conditions exhibit a disti
shift of threshold voltage under gate bias stress, with sim

on
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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properties for both oxide and nitride dielectrics. The me
surements suggest that the shift of threshold voltage is du
a reversible structural change in the pentacene film that
ates deep localized states.

ACKNOWLEDGMENTS

The authors thank G. Anderson, D. Fork, B. Krusor, a
A. Salleo for assistance, J. Northrup for discussions ab
surface energies and the growth of organic semiconduc
B. S. Ong, D. K. Murti, and L. Jiang of Xerox Researc
Center, Canada, for helpful discussions and for provid
purified material, and the team of the research proces
line at PARC for providing substrates. The work was par
supported by NIST Grant No. 70NANB80H3033.

1N. Karl, Organic Semiconductors, Landolt Boernstein/New Series Grou
III, edited by O. Madelung, M. Schulz, and H. Weiss~Springer, Berlin,
1985!, Vol. 17, p. 106.

2S. F. Nelson, Y.-Y. Lin, D. J. Gundlach, and T. N. Jackson, Appl. Ph
Lett. 72, 1854~1998!.

3C. D. Dimitrakopolos and D. J. Mascaro, IBM J. Res. Dev.45, 11 ~2001!.
4H. Sirringhaus, T. Kawase, R. H. Friend, T. Shimoda, M. Inbasekaran
Wu, and E. P. Woo, Science290, 2123~2000!.

5W. S. Wong, S. Ready, R. Matusiak, S. D. White, J.-P. Lu, J. Ho, and R
Street, Appl. Phys. Lett.80, 610 ~2002!.

6J. Aizenberg, J. A. Rogers, K. E. Paul, and G. M. Whitesides, Appl. O
37, 2145~1998!.

7J. A. Rogers, K. Baldwin, Z. Bao, A. Dodabalapur, V. R. Raju, and
Ewing, Mater. Res. Soc. Symp. Proc.660, JJ7.1.7~2000!.

8H. Klauk, D. J. Gundlach, J. A. Nichols, C. D. Sheraw, M. Bonse, and
N. Jackson, Solid State Technol.43, 63 ~2000!.

9C. D. Dimitrakopolos, S. Purushothaman, J. Kymissis, A. Callegari, an
M. Shaw, Science283, 822 ~1999!.

10T. W. Kelley et al., Mater. Res. Soc. Symp. Proc.~in press!.
Downloaded 26 Jul 2003 to 171.66.158.56. Redistribution subject to AI
-
to
e-

d
ut
rs,

g
ng

.

.

.

t.

.

.

J.

11D. Knipp, R. A. Street, B. Krusor, and J. Ho, Mater. Res. Soc. Symp. P
725, P5.2~2002!.

12S. R. Forrest, Chem. Rev.97, 1793~1997!.
13D. Knipp, R. A. Street, B. Krusor, and R. B. Apte, Proc. SPIE3366, 8

~2001!.
14R. B. Campbell, J. Monteath, and J. Trotter, Acta Crystallogr.14, 705

~1961!.
15R. W. G. Wyckoff, Crystal Structures, ~Interscience, New York, 1971!,

Vol. 6.
16D. J. Gundlach, C.-C. S. Kuo, C. D. Sheraw, J. A. Nichols, T. N. Jacks

and T. Jackson, Proc. SPIE3366, 54 ~2001!.
17M. Mulato, J. P. Lu, and R. A. Street, J. Appl. Phys.89, 638 ~2001!.
18J. P. Lu, P. Mei, R. T. Fulks, J. Rahn, J. Ho, Y. Wang, J. B. Boyce, and

A. Street, J. Vac. Sci. Technol. A18, 1823~2000!.
19J. B. Boyce and P. Mei, inTechnology and Applications of Amorphou

Silicon, Springer Series in Material Science, Vol. 37, edited by R. A. Str
~Springer, Berlin, 2000!.

20A. B. Chwang and C. D. Frisbie, J. Appl. Phys.90, 1342~2001!.
21R. A. Street, D. Knipp, and A. R. Vo¨lkel, Appl. Phys. Lett.80, 1658

~2002!.
22G. Horowitz, Adv. Mater.12, 1046~2000!.
23M. Pope and C. E. Swenberg,Electronic Processes in Organic Crystal

and Polymers~Oxford Science, 1999!.
24C. D. Dimitrakopoulos, A. R. Brown, and A. Pomp, J. Appl. Phys.80,

2501 ~1996!.
25N. Karl, in ‘‘Organic Electronic Materials,’’ Springer Series in Materia

Science Vol. 41, edited by R. Farchioni and G. Grosso~Springer, Berlin,
2001!.
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