P . 7
university of :7’%//4
groningen ?',,g’z,, University Medical Center Groningen

i

University of Groningen

Switch-on voltage in disordered organic field-effect transistors

Meijer, E. J.; Tanase, C.; Blom, P. W. M.; van Veenendaal, E.; Huisman, B. H.; de Leeuw, D.
M.; Klapwijk, T. M.

Published in:
Applied Physics Letters

DOI:
10.1063/1.1479210

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2002

Link to publication in University of Groningen/lUMCG research database

Citation for published version (APA):

Meijer, E. J., Tanase, C., Blom, P. W. M., van Veenendaal, E., Huisman, B. H., de Leeuw, D. M., &
Klapwijk, T. M. (2002). Switch-on voltage in disordered organic field-effect transistors. Applied Physics
Letters, 80(20), 3838 - 3840. https://doi.org/10.1063/1.1479210

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/lUMCG research database (Pure): http.//www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-08-2022


https://doi.org/10.1063/1.1479210
https://research.rug.nl/en/publications/b16c051a-cea9-4413-be59-ad1fae4705a5
https://doi.org/10.1063/1.1479210

APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 20 20 MAY 2002

Switch-on voltage in disordered organic field-effect transistors

E. J. Meijer®?
Philips Research Laboratories, 5656 AA Eindhoven, The Netherlands and Delft University of Technology,
Department of Applied Physics and DIMES, Lorentzweg 1 2628 CJ Delft, The Netherlands

C. Tanase and P. W. M. Blom
Materials Science Center and DPI, University of Groningen, Nijenborgh 4, 9747 AG Groningen,
The Netherlands

E. van Veenendaal, B.-H. Huisman, and D. M. de Leeuw
Philips Research Laboratories, 5656 AA Eindhoven, The Netherlands

T. M. Klapwijk
Delft University of Technology, Department of Applied Physics and DIMES, Lorentzweg 1 2628 CJ Delft,
The Netherlands

(Received 20 December 2001; accepted for publication 27 March)2002

The switch-on voltage for disordered organic field-effect transistors is defined as the flatband
voltage, and is used as a characterization parameter. The transfer characteristics of the solution
processed organic semiconductors pentacene,($BRhienylene vinylene and poly3-hexyl
thiopheng are modeled as a function of temperature and gate voltage with a hopping model in an
exponential density of states. The data can be described with reasonable values for the switch-on
voltage, which is independent of temperature. This result also demonstrates that the large threshold
voltage shifts as a function of temperature reported in the literature constitute a fit parameter without
a clear physical basis. @002 American Institute of Physic§DOI: 10.1063/1.1479210

The charge transport in organic field-effect transistorsP3HT films are polycrystalline. We do not observe any hys-
has been a subject of research for several years. It has biresis in the current—voltage characteristics and the curves
come clear that disorder severely influences the charge tranare stable with timdin vacuun). The field-effect mobilities
port in these transistors? Studies on the effect of molecular in  the devices have been estimated from the
order ultimately resulted in the observation of band transportransconductanéeat Vg=—19V at room temperature and
in high quality organic single crystafsThe electrical trans- are given in Table I. For the P3HT transistor described here
port in these crystals is well described by monocrystallinethe processing conditions were not optimized to give the
inorganic semiconductor physi¢s.However, devices envis- high mobilities reported in literaturk.
aged for low-cost integrated circuit technology are typically ~ The difficulty of defining a threshold voltage in disor-
deposited from solutiof/ resulting in amorphous or poly- dered organic transistors was already pointed out by Horow-
crystalline films. In these solution-processed organic transisitz et al}* The threshold voltage in inorganic field-effect
tors the disorder in the films dominates the charge transportransistors is defined as the onset of strong inversidow-
due to the localization of the charge carriers. The disorder igver, most organic transistors only operate in accumulation
observed experimentally through the thermally activatecand no channel current in the inversion regime is observed,
field-effect mobility and its gate voltage dependefic}Y A except in high quality single crystal devicé®levertheless,
further common feature of disordered organic field-effectclassical metal—oxide—semiconductor field effect transistor
transistors is the temperature dependence of the thresholMOSFET) theory is often used to extract \4;, from the
voltage,Vy,, 1" *2which is addressed in this letter. It is argued transfer characteristics of organic transistors in accumula-
thatVy,, as used in literature, is a fit parameter with no cleartion. The square root of the saturation current is then plotted
physical basis. Instead, a switch-on voltays,, is defined against the gate voltag¥,. This curve is fitted linearly and
for the transistor at flatband. We model the experimental datthe intercept on th&/ axis is defined as th¥y, of the tran-
obtained on solution-processed pentacene, (Bdy  sistor. For disordered transistors this method neglects the ex-
thienylene vinyleng (PTV) and poly3-hexyl thiopheng perimentally observed dependence of the field-effect mobil-
(P3HT), with a disorder model of variable-range hopping inity on the gate voltag&!® In an attempt to take this into
an exponential density of statéd.he modeling shows that account in the parameter extraction several groups have used
good agreement with the experiment can be obtained witan empirical relation to fit the field-effect mobilft*®
reasonable values for the switch-on voltage, which is inde-
pendent of temperature. u=K(\Vg=Vu)7, Y

The device geometry and the sample fabrication used ifyhere K, 4, andV,, are fit parameters. Fitting of current—
the experiments have been described previotisiyre films voltage characteristics of the transistors, using either this em-
of PTV are truly amorphous whereas the pentacene anfirica| relation or the square root technique, has resulted in a
temperature depende¥,.*>’ The temperature dependence
dElectronic mail: meijere@natlab.research.philips.com is as large as 15 V in the temperature range of 300—-50 K.
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TABLE I. Values obtained by using E@6) to model the transfer character- \where N, is the number of states per unit volumg; is
Wil of the exponental densty of sties, 5 the conduety pefactor,  CCIZMaNN'S constant, anl is a parameter that indicates
a~tis the effective overlap parametdfy, is the switch-on voltage, andgt the_Wldth of the eXponent_lal dl_strlb_utlon. The e”ergY d|§tr|-
the field-effect mobility atvy=—19 V and room temperature. bution of the charge carriers is given by the Fermi—Dirac
distribution. If a fraction,6[0,1], of the localized states is

To(K) 00 (1 S/M) a " (A) Veo(V) uer(@©Vs)  oecupied by charge carriers, such that the density of carriers

PTV 382 5.6 15 1 %1073 is 6N;, then the position of the Fermi level is fixed by the
Pentacene 385 3.5 3.1 1 x21072 conditior?
P3HT 425 1.6 1.6 25 81074
5 EF 7TT 3
=ex .
PeT,) [ T ©
However, for transistors based on the same materials in the Tosin 7TT_O

crystalline phase, for which the MOSFET theory is valid, the ) ) )
shift of V, with temperature is at most0.5 V2° This ob- Using a percolation model of variable range hopping, an ex-

servation raises the question: why, for a disordered systenﬁ’,reSSion for.the conductivity as a func;tion qf the charge car-
the shift ofVy,, with temperature is so much larger than in its €7 0ccupationd and the temperature is derived

crystalline counterpart. To answer this question, we first have To/T

to realize that, in both types of analysis mentioned, the ex- SNy(To/T)* sin( TrT—)

tractedVy, is a fit parameter. This fit parameter has no direct  o(5,T)= oy 7 0 , (4)
relation with the original definition of the threshold voltage (22)°Bc

in the MOSFET theory. Also, depending on the rang&/gf  whereo, is the prefactor of the conductivit, is a critical

over which the data are fitted in disordered transistors, thﬂumber for the onset of perco|ati0n, which=2.8 for three-
value of the extracted/th will be different. Therefore, the dimensional amorphous systeﬂﬁsand a*l is an effective
physical meaning oWy, and its temperature dependence inoverlap parameter between localized states. To calculate the
disordered organic transistors are questionable. We wilfield-effect current we have to take into account that in a
therefore refer td/y, here as an “apparent” threshold volt- fie|d-effect transistor the charge density is not uniform. Us-
age. Despite these issues, some suggestions have been giyig§the gradual channel approximation, we neglect the poten-
in literature to explain the large temperature dependence afal drop from source to drain electrodéVg|>|Vyd). To

the apparenVy,, such as a widening of the band gdmnd  take into account that the charge-density decreases from the
displacemerif of the Fermi level with decreasing tempera- semiconductor-insulator interface to the bulk, we integrate

ture. over the accumulation channel

Instead of the apparelt;, as characterization parameter,
we will use the gate voltage at which there is no band bend- :VM JthU[ 5(x),T] )
ing in the semiconductor, i.e., the flatband condition. We call ST o Y

this the switch-on voltageys,, of the transistor. Below/,
the variation of the channel current with the gate voltage i
zero, while the channel current increases WithaboveV,.
For an unintentionally doped semiconductor lay¥g, is

g/vhereL, W, andt are the length, width, and thickness of the
channel, respectively. From Eqggl) and (5) we obtain the
following expression for the field-effect current:

then only determined by fixed charges in the insulator layer WV €000 T 2kpTo
or at the semiconductor/insulator interface. In that cdge l 4= Le (2T —T) \/ e
becomes/,—Vs,. Without these fixed charges, should in 0 =0
principle be zerd. To\ T\]T/T
Here we will model the experimental dc transfer charac- ?) S'”( 7TT_0)
teristics obtained on three different disordered organic field- X T 2aB,
effect transistors to estimate the temperature dependence of ¢
V.. Because we are looking at disordered systems, we use \/E[Ci(Vg—Vso) 2Ty/T-1
the variable range hopping model proposed by Vissenberg X 2k, To| o ) (6)

and Matters. The charge transport in this model is governed
by hopping, i.e., thermally activated tunneling of carriers be-wheree is the elementary charge, is the permittivity of
tween localized states around the Fermi level. The carrievacuum,e, is the relative dielectric constant of the semicon-
may either hop over a small distance with a high activationductor, andC; is the insulator capacitance per unit area.
energy or over a long distance with a low activation energy.  Equation(6) is used to model the transfer characteristics
In the disordered semiconducting polymer the density oPf solution processed PTV, pentacene, and P3HT as a func-
stateDOS) is described by a Gaussian distributi§rFor a  tion of V andT. The four parameters, a™*, Ty, andVs,
system with both a negligible doping level compared to thewere used to model all the curves, with a valueBgf=2.8.
gate-induced charge and at low gate-induced carrier densitiédfter this initial fit, each curve was individually modeled
the Fermi level is in the tail states of the Gaussian, which igvith only Vg, as variable parameter, with the other param-

approximated by an exponential D&S eters fixed. From this modeling, no temperature dependence
of V¢, was observed. The results of the modeling are shown
— N & in Figs. 1, 2, and 3. The fit parameters are given in Table I.
g(e) ex : 2 : ) .
ksTo ksTo Good agreement is obtained for all three semiconductors.
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FIG. 1. 14 vs Vg of a PTV thin-film field-effect transistor for several tem- FIG. 3. l4 vs V4 of a P3HT thin-film field-effect transistor for several
peratures. The solid lines are modeled using E§). W=2cm, L temperatures. The solid lines are modeled using (By. W=2.5 mm, L
=10um, Vg=—2 V. The inset shows the structure formula of PTV. =10um, V4=—2V. The inset shows the structure formula of P3HT.

observed in the transfer characteristics. Instead, we have de-
fined a switch-on voltage for unintentionally doped disor-
dered organic field-effect transistors as the gate voltage that
ggs to be applied to reach the flatband condition. Using a
disorder model of hopping in an exponential density of

lution in the low current regime is limited to 1-10 pA, the tates. th . tal data of soluti 4 PTV
onset of the experimental curves in Figs. 1, 2, and 3, seem goates, the experimental data ot solution processe » pen-

be shifting to more negative gate voltages with decreasinéacene an_d P3HT could be d_esc_rlbed with reas_onable values
temperature. Logically this effect does not translate in a tem:2' the switch-on voltage, Wh'Ch_ IS temperature mdt_apendent.
perature dependence df,. Analysis of the data with the The use .OfVSO as charac.terlzatl_on parameter of disordered
square root technique yields an apparent threshold voltag%rgan,'c field-effect transistors is not limited to the model
shift with temperature of 15 V for the PTV. Equatidf) escribed here, but is generally applicable.

with decreasing temperatudfehas no effect onVg,. The  cyssions with M. Matters, E. Cantatore, and H. Hofstraat and
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