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Abstract

Top contact and bottom contact TFTs, based on evaporated pentacene, have been fabricated by using PMMA as buffer layer. Both
type of devices show high performance with field-effect mobility >1 cm?/V s. Top contact transfer characteristics, measured at different
temperatures, have been analyzed by the ‘temperature method’ in order to evaluate the effective density of localized states (DOS). The
calculated DOS, approximated by two exponential tails, has been used in 2D numerical device analysis program to simulate the transfer

and output characteristics at different temperatures.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The new opportunities that the use of organic semicon-
ductors offer to device fabrication in the field of large area,
low-cost and flexible electronics, have recently increased
the research efforts on these materials [1]. Recent results
have shown that devices based on some organic semicon-
ductor can be easily compared with those based amor-
phous silicon [2]. Indeed, the performance obtained with
pentacene-based organic thin-film transistors (OTFTs) [2]
make possible that OTFTs are used as drivers of organic
light emitting diodes (OLEDs) in high-resolution active
matrix displays.

To optimize the device characteristics of OTFTs it is
very important to understand the transport mechanisms.
In fact, many problems related to the understanding of
the transport phenomena [3,4] and the aging effects of the
organic semiconductors [4,5] are still open.
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In this work we analyze the electrical characteristics,
measured at different temperatures, of high quality
polycrystalline pentacene-TFTs, obtained by using poly-
methylmetacrylate (PMMA) as buffer layer [6,7]. From
the field-effect analysis of the electrical characteristics we
determined the effective density of localized states of the
active pentacene layer.

2. Experimental

Devices have been fabricated on heavily doped silicon
wafers, acting as gate electrode, thermally oxidized to form
the gate dielectric (silicon dioxide thickness of d,, = 150
and 60 nm). In bottom contact (BC) configuration the
source and drain gold contacts (30 nm thick) have been
defined by optical lithography and wet etching with chan-
nel lengths L =7, 15, 25, 100, 500 pum and channel width
W =200 um. Before pentacene deposition, the samples
have been spin coated with a film of PMMA 950 K (about
8 nm thick) annealed at 90 °C for 10 min. It has been
shown that thin PMMA films can been used as buffer layer
in order to improve the quality of the polycrystalline
pentacene [6,7]. Thermal evaporation of pentacene (Sigma
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Aldrich, 97% purity) has been performed on the samples
without extra purification process or substrate heating
(evaporation rate about 3 nm/min). For top contact (TC)
configuration, source/drain gold contacts are evaporated
through a shadow mask on top of pentacene active layer
(L =100 um, W =200 pum).

3. Results and discussion

Transfer characteristics of both top and bottom configu-
rations, measured at Vg = —1V, are shown in Fig. 1. TC
devices exhibit field-effect mobility yupg = 1.4 cm?/V s, sub-
threshold slope, measured at the onset of subthreshold
region, S =0.5V/dec, threshold voltage Vy =—13.5V,
whereas BC devices, with L =100 um, show pupg=
1.1 em?/V's, S = 0.3 V/dec, and V, = —6.6 V. We note that
BC devices presented in this work show among the best per-
formance reported for long-channel pentacene-based TFTs
in BC configuration [8,9]. The output characteristics of TC
and BC devices (see Fig. 2) show a good linear behavior at
low Vg, as well as an excellent saturation region at high Vygs.
The observed difference between TC and BC electrical char-
acteristics could be related to the different device structure
[7]: while in TC device the current flows from the channel
to the drain through the pentacene active layer in the BC
configuration holes are injected from the gold source con-
tact into the pentacene channel through the PMMA buffer
layer and are extracted from the drain also through the
PMMA. The parasitic resistance introduced by the buffer
layer reduces the upg in BC devices with shorter channel
lengths and ppp =0.37 cm?/V's has been obtained for
L =7 um. However, the linear behavior of the output char-
acteristics of short channel BC TFTs at low drain voltage
suggests that the thin PMMA buffer layer still allows suffi-
ciently good ohmic contacts.

Transfer characteristics of TC pentacene TFTs have
been measured at different temperatures in the range
between 200 K and 320 K (see Fig. 3). As shown in
Fig. 4, field-effect mobility and threshold voltage, evaluated
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Fig. 1. Experimental transfer characteristics of BC (squares) and TC
(triangles) pentacene TFTs, measured in vacuum at Vy=-1V
(L =100 pm, W =200 pm, dox = 150 nm).
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Fig. 2. Experimental (symbols) output characteristics of BC (a) and TC
(b) pentacene TFTs, measured at 7= 300 K and different gate voltages
(L =100 pm, W =200 pum, d,x = 60 nm). Also shown are the simulated
output characteristics of TC pentacene TFT (b, solid lines).
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Fig. 3. Simulated (lines) and experimental (symbols) transfer character-
istics (measured in vacuum at Vs = —1 V), of as-fabricated TC pentacene
TFTs for three different temperatures: 300 K (squares), 240 K (circles),
205 K (triangles) (L = 100 pm, W =200 um, dox = 60 nm).

from the slope of the linear portion of the transfer charac-
teristics, monotonically increases with temperature.

In order to analyze the electrical properties we assume
that the density of localized states, DOS, is uniformly dis-
tributed within the active layer, an approximation that has
been shown to be very successful in describing the electrical
characteristics of polycrystalline silicon TFTs [10]. The use
of a uniform DOS approximation is particularly attractive,
since strongly simplify the device analysis. Therefore, we
applied the method developed in Ref. [11] to extract
the DOS from the analysis of the sheet conductance, G,
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Fig. 4. Field effect mobility, urg, and threshold voltage, Vy,, vs temper-
ature of TC pentacene TFT.

at different temperatures (temperature method). In particu-
lar, to ecliminate the G-temperature dependence upon
mobility, we used the normalized sheet conductance G' =
Gure(300 K)/ upe(T), where G = I/ Vg, is the sheet conduc-
tance which can be deduced from the /4—V/, characteristics
measured at low Vy,, while upg(7) is the temperature
dependent field effect-mobility, shown in Fig. 4. According
to the above mentioned method, the activation energy, AE,
of the dG'/dV, is equal to AE, — q¥s, where AE, is the
energy difference between the Fermi level and the valence
band edge at flat-band and ¥ is the surface potential. In
Fig. 5aplot of AE vs V; — Vi, is shown, where Vi, = 0.1V
is the flat-band voltage determined according to the
method proposed in Ref. [12]. As can be seen, the activa-
tion energy falls rapidly from AE =0.6eV (for flat-band
condition) down to few meV for |V, — Vip|>6V. The
DOS, N(E), can be deduced by calculating the surface elec-
tric field, d¥/dx, using the data for the activation energy
shown in Fig. 5 and then using the following equation [11]:

) (1)

o6 R 4

&si 62 d¥
N(EF‘FlPs):iW(E

0.5 T
04rm T

0.3 b

AE (eV)

o2 ® -

0.1 LI T

0.0 1 1
0

-8

-10

-12

n
-2 -4 -6
Vg-Vip (V)
Fig. 5. Plot of the activation energy, AE, derived from the Arrhenius plot

of dG'/d Ve, vs Vg — Vip. The flat band voltage, Vi, = 0.1 was calculated
by the method reported in Ref. [12].
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Fig. 6. Density of localized states calculated by the ‘temperature method’
(symbols). Solid line represents the approximated DOS used for the
numerical simulations.

The calculated DOS (shown in Fig. 6) can be reasonably
approximated by the sum of two exponential tails (see solid
lines in Fig. 6):

N(E)=N €% +Ng-e%, (2)

where N,=12x10'em™3eV™!, E,=17meV, N4=6x
10 cm 2 eV~! and E; = 85 meV.

This approximated DOS was used in the 2D numerical
device analysis program DESSIS, using conventional
drift-diffusion transport model, to simulate the transfer
and output characteristics at different temperatures. In
DESSIS the energy distribution of the semiconductor den-
sity of states is modeled by four exponential terms, two of
which located in the lower half of the bandgap (donor-like)
and two in the upper half of the bandgap (acceptor-like).
The energy distribution was taken symmetrical with respect
to the midgap. The hole band mobility, w;,, was assumed
constant for fixed temperature and variations with the
transverse electric field were considered negligible. The
dependence of u;, with temperature was taken proportional
to the temperature variations of field-effect mobility, con-
sidering p, = 1.58 cm?/V s at room temperature. The effec-
tive density of valence band states, N,, was estimated
assuming a square root energy distribution at the top of
the valence band density of states and the effective mass
for holes has taken to be equal to one electron mass [3].
Such an approximation is valid considering a relatively
wide valence (HOMO) band of pentacene (~1¢V), as
suggested by UPS spectra and bandstructure calculations
[13].

As can be seen from Figs. 2 and 3, the transfer and out-
put characteristics are very well reproduced in the temper-
ature range considered. These results confirm that the
model based on the spatially uniform DOS and conven-
tional drift-diffusion transport model can be effectively
used to analyze the transfer characteristics of pentacene
TFTs and that the DOS, obtained from the ‘temperature
method’, is quite accurate.
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4. Conclusions

We have fabricated high quality pentacene OTFTs in top
and bottom contact configurations with field effect mobility
higher than 1 cm?/V s. The transfer characteristics of top
contact, measured at different temperature, were analyzed
using the ‘temperature method’, under the assumption of
a spatially uniform distribution of localized states. As in
the case of amorphous silicon, the calculated DOS can be
approximated by the sum of two exponential tails (tail
states and deep states). It should be pointed out that the cal-
culated DOS is an effective DOS, including the contribu-
tions of the in-grain and grain boundary defects as well as
of the dielectric/pentacene interface defects. Finally, by
using the extracted DOS, it was possible to perfectly repro-
duce the pentacene-based TFT characteristics, using the 2D
numerical device analysis program DESSIS, assuming
drift-diffusion transport model.
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