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The electronic conduction of thin-film field-effect-transistgFETy of sexithiophene was studied.

In most cases the transfer curves deviate from standard FET theory; they are not linear, but follow
a power law instead. These results are compared to conduction models of “variable-range hopping”
and “multi-trap-and-release”. The accompanyivgcurves follow a Poole-Frenkgexponential
dependence on the drain voltage. The results are explained assuming a huge density of traps. Below
200 K, the activation energy for conduction was found to be ca. 0.17 eV. The activation energies of
the mobility follow the Meyer-Neldel rule. A sharp transition is seen in the behavior of the devices

at around 200 K. The difference in behavior of a micro-FET and a submicron FET is sho20040
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I. INTRODUCTION show that traps can explain all our results of thin-film FETs
. . . based on vacuum-sublimedT6. Although the alternative

Although electronics based on organic m{:\tenals haV‘?heories including grain boundaries or contact effects, can

many advantages, such as low cost of production, Struc:tur%lxplain some of the results, they are not able to explain all of

ﬂ(?.('b'“g’ and a wt|gli|e rangedof rr;)atekna:f] V;”rt]h c(ijlfferent prop- ft e results. Moreover, the ideas presented here are applicable
erties, there are still many drawbacks that hinder a success many semiconductor materials with low carrier mobility,

introduction to a larger share of the commercial market. Spe- - - :
cifically, organic field-effect-transistok&ET9 differ in vari- In particular organic materials.
ous ways from their inorganic counterparts.

(i) Currents depending supralinearly on the gate bias. Il. THEORY

(i) Nonlinear effects in the low-bias region of th¥
curves.

(iii) Device metastability caused by the gate bias.

(iv) Reduced mobility.

The low mobility of the carriers limits the materials to
low-frequency applications, while the device stability is a
more serious problem and needs to be resolved before the W
next step in technology can be taken. las= fcox:“(vg = Vi)Vas (1)

Nonstandard electrical characteristics are often ex-
plained in the literature with contact effects at the electroded! the linear region, witlC,, the insulator capacitanck,and
or barriers formed at grain boundaries. For the first we carYV the device dimensionglistance between source and drain
imagine high-resistive regions at the contacts, causing voltelectrodes and length of electrodes, respectjyelythe mo-
age drops at the interfatand resulting in a saturation of the Dility of the carriers,Vy and Vs the voltage at the gate and
current upon increments in the gate bidser rectifying ~ drain, respectively, when the source is grounded, \4nithe
Schottky barriers formed by the electrode metal and the/oltage needed to open the channel. In other wo{g(Vy
semiconductor, resulting in nonlinear currents in the low-~V4) is the density of charge at the interface gndhe re-
drain-voltage regime. The grain boundaries can form barrier§Ponse(speed of a carrier to the longitudinal fiel@Vqs/L).
for current by trapping large densities of charge. These can Empirically, a deviation from standard theory can be de-

In this section the various models to explain nonstandard
IV curves and transfer curves are presented, including
variable-range  hopping (VRH), multi-trap-and-release
(MTR), and Poole-Frenke(PP. We start from standard
FETSs, in this case the currents follow:

also cause nonlinear effects in the curréhts. scribed by
Another possibility is that traps are responsible for the W
nonstandard effects observed. Because of the wide band gap lds= ECOXM(VQ =Vt W, (2

of most organic semiconductors, combined with their low

purity and poor crystallinity, a huge number of deep, local-with y — normally positie — a parameter indicating the
ized states are expected in these materials. These localizééviation from standard theory. Such behavior has been ob-
states — traps — can cause many reversible and irreversibgerved before and explained by a MTR model or VRH
effects on the behavior of the device. In this work we will theoryf3 In both models, currents are the result from a move-
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ment of carriers from trapped state to trapped state. In VRHage to capture all induced free charges. Such so-called stress-
the hop from one site to the next is limited by two factqis: ing has been observed before in°tBand amorphous sili-
wave function overlap andi) barrier height. The wave func- con. Because the states responsible for trapping and
tion overlap increases by the proximity of traps, but this isquenching of the current do not have discrete levels or are
counteracted by the increased barrier height for closer sitesbundant, a nonexponential decay of the current is observed
The result is a variable-range hopping of carriers. The MTRn a transien{l 4 vs time). Such a decay can be expressed by
model is also based on a large number of traps, with tha stretched-exponent’rérl12 also known as glassy relaxation
difference that the conduction is via delocalized band stateand already observed by Kohlrausch in the 19th cerjrﬁlry,
Fror_n the traps themselves no movement is possi_ble. First a lgs= 1o exd— (U7, 7)
carrier has to be thermally activated into a delocalized-states
band from where it can contribute to conduction. This theorywith <1 a parameter that approaches 1 for simple expo-
is well described in the book of Shur in the section on amornential decay, ane the time constant of the relaxation. This
phous silicon TFTS. behavior is common for materials with a large number of
In the model presented by Vissenberg and co-workers traps, such as amorphous silicon and organic materials, and
based on the VRH theory, an assumption is made of an exeven commercial GaAs FE¥scan show nonexponential
ponentially decaying density of trap states, although thdransients. With a large number of trap states the filling and
model predicts quantitatively similar results for other distri- emptying times of the traps are comparable resulting in tran-
butions. The outcome is that, when th&-measurednobility sients as described above. When the trap levels are distrib-

is defined as uted in energy, a convolution of transients from the indi-
L aly vidual levels can also result in such nonexponential behavior.

UppT= ———— —, (3) An extended version of the MTR model is given by

WG, Vs Vy Poole and Frenkeél.This model includes the effect that the

this mobility is emission from the traps — and hence the effective mobility
~ 2Ty T-1) of the carriers — can be field dependent. In this case the field

MrET = ﬂo(T)Vg (4) is the longitudinal fieldg, caused by the drain-source volt-

with T, a parameter describing the distribution of band-tail29€-(In the linear region the field is uniform in space and
states. This model thus predicts an as-measured mobility, th§Aual ©0E =Vgd/L.)
is, depending on the temperature and the gate bias. More— B ~ (g \"m)
over, comparing Eq4) to Eg.(2) we can conclude that this M= o€X KT .
model predicts ay of the form
_ _ In this equation q is the elementary chargg1.602
y=2TdT-1). ®) X101 C), ¢g is the trap depth, and the semiconductor
The MTR model similarly predicts a temperature- permittivity. This causes a nonlinear dependence of the cur-
dependent mobility. To understand why it serves to analyzeent on the drain-source voltage in the linear region ofithe
what happens when the gate bias is increased, free holesurves; see, for example, the results presented by Wagagai
initially induced by an increase of the gate voltage, areal.’® The ionization energy¢g of the trap can be found by
trapped onto the deep states. While still contributing to thestudying the activation energg,=q[ ¢g—(qE, / me)*?] as a
capacitance charg®=C,,V,), they no longer contribute to function of temperature and voltage. Comparing E).to
the channel currently=u(Vy—Vy)Vys If such trapping is Eq. (6) we can see that the MTR model is a variant of the
(much) faster than the measurement scanning time, therma@oole-Frenkel model for low fields.
equilibrium is reached during the measurement and a re- In the literature, sometimes nonlinear effects at low
duced effective mobility is measured. Since the steady-statiéelds are attributed to Schottky barriers or high-resistive re-
ratio of trapped-to-free carriers depends on the temperaturgjons formed at the electrodes. Schottky barriers will show
the as-measured mobility becomes temperature depeﬁdentan exponential dependence of the current on the voltage,
when the barrier is the limiting factor. Important to note is
HrET™ foo EXP(~ Br/KT), ©®  that when a Schottky barrier |gs formed atpone electrode, an
with ug the mobility of the carrier in the delocalized batkd, opposite barrier is formed at the counter electrode. Hence,
the Boltzmann constantl.38x 1022 J/K),« the ratio be- one of them is always reverse biased and the maximum cur-
tween the density of delocalized states to trap statesEand rent of the device is a reverse-bias saturation current. Alter-
the distance between these two. Note that this mobility camatively, a situation might exist where the Schottky barrier is
still depend on the gate bidsAnother observation to be the limiting factor and is controlled by the gate. The resulting
made is that, this temperature dependence is equal to thievice structurgjunction FET) is significantly different from
Poole-Frenkel model to be presented later. our metal-insulator-semiconductor field-effect-transistors
On the other hand, if the trapping is slow, we can still (MISFET) structures, however.
observe effects of the traps in our measurements. A pro- Depending on the deposition methods, large contact re-
longed application of a gate voltage between scans will causgistance can be expected at the electrodes. Horaetitd.
a threshold voltage shifAV; that can be as large as the pointed out that in these situations, saturation in the transfer
applied gate voltage — thereby completely quenching theurves can be expected, i.e., the current rises sublinearly with
channel current— if traps are abundant and deep, and mathe gate bia§.They also describe a procedure for correcting

(8)
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FIG. 1. Cross-section of the FET structure used in this work and a molecule
of a-Sexithienyl, also known aa-Sexithiophene, or abbreviated as6é. FIG. 2. TypicallV curves(l4 Vs Vg9 for various gate biases ranging from 0
to =50 V. The scanning was performed slowtiys/dt=1 V/s) resulting in
. . . . .. a stressing during the measurements; a decay of the current after saturation.
this resistance. Recent studies _descrlbe a method for _flndlr\g:20 cm,L =20 um, d, =600 nm. At the origin Poole-Frenkel conduc-
the contact resistance by studying the total device resistang@n is responsible for the nonlinear current.

as a function of channel length. The contact resistance can

then be found by extrapqlgtlng .to zero channel length. (1 V/s), trapping of free holes takes place during the mea-
In some cases, specifically in the case of granular mate-

rials, the currents in the/ plots and transfer curves, instead surements, thereby closing the channel. This is best seen in

of being controlled by traps, can be governed by the grair%he saturation part of the curves, which show a decay of the

boundaries either by the presence of wells barrierst® current. Another detail is visible at the origin. Here a slight
Moreover. it is often difficult to decide between a g.rain- nonlinearity of the current can be discerned, indicating

) . Poole-Frenkel conduction. The discussion of this will be
boundary-barrier model and a trap model on the basis Ofost oned to later on the hand of devices that show this more
experimental results. As discussed by Stetedl,*® the evi- postp

dence for the barrier model can be found in the linearity ofleagr{é same effect of trapping and stressing can be seen in
the so-called Levinson plot, (hys/Vg) vs 1y as well and bpIng 9

the (positive) sign of the turn-on voltage. the hysteresis measurements of a device in the linear region,

Finally, for many organic materials the Meyer-Neldel see Fig. 3. The scan from 0 to —40 V lies above the subse-

rule holds. Without giving any physical explanation, this rulequent scan from ~40 to 0 V'indicating trapping of charges or

. a similar process to be responsible for the decay effect. In the
states that the as-measured mobility for any gate voltage : ) !

. . ) ; -~ same figure it can be seen that the averaging of the up-
when presented in an Arrhenius plot, lies on a line going

y . . scanning curve and the down-scanning curve does not result
through the Meyer-Neldel poirifyy, - In an equation in a straight line. Apparently, the standard FET model of Eq.

MreT= umneXH— EA(LKT = 1KTyn)], (9) (1) does not apply. The MTR and VRH models predict such

with E, the activation energy which can depend on the gatér’1 nonlinear behavior, see E@). The VRH model predicts a

. 1+y . .
bias, andTyy the isokinetic temperature. Chen and Hung current proportional t0/,™7, with y depending on the tem
. perature as in EQ5). To test this model, the order of the root

and Crandall” suggested a connection between the Meyer: : . . .
. . that linearizes each transfer curve was determined. To obtain
Neldel rule and the stretched-exponential relaxation. Othef, .”" . )
: his, first the threshold voltage was found through a fit to Eq.
authors suggested a link between the Meyer-Neldel rule and

a field-dependent mobility

14 r r

Ill. EXPERIMENTAL DETAILS 12+

Thin films of a-sexithienyl (better known as 2
a-sexithiophene, onT6), see Fig. 1, were deposited onto 4510—
preformed FET structures by vacuum sublimation. The FET § sk
structures consisted of gold electrodes on top of oxidized &
heavily-dopecd-type silicon(oxide thickness 200 nm or 800 9 6k
nm). Various channel widths and lengths were used. The :Z
smallest length was in a submicron FET, where the elec- £ 4}
trodes were fabricated by the stamping technique. All the
measurements were done inside a cryostat at high vacuum, 2
where the temperature could be stabilized dowr=t00 K.

00 10 20 30

IV. RESULTS AND DISCUSSION Absolute Gate Voltage

; ; _ _ FIG. 3. Transfer hysteresis curve fofys=—2 V. The large hysteresis is
Figure 2 shows typlcall\/ curves of a Iong channel de caused by the stressing of the device. The dashed curve is the average of the

vice (L=20 um) for various gate_ biases ranging form 0 10 two curves. Note that this is not linear and the standard FET model of Eq.
-50 V. Due to the low scanning speed of in this case(1) does not apply.
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FIG. 4. Transfer curves at temperatures as indicated presented in a log-IdgG: 9. Schematic representation of the idea that can explain a gate-
plot. The gate voltag¥, was corrected for the threshold voltage To find ependent mobility. Density of frei@) and trappedp) holes as a function
V,, a fit was made to Eq2). The slope of a curve is equal to 3+For every of the position of the Fermi levebrbitrary scalg For E->0.6 eV the ratio

temperaturey is approximately equal to 5. This cannot be explained by theOf free-to-trapped carriers depends on the Fermi level and this causes a
model of Vissenberg. gate-dependent mobility, as demonstrated in the text. Figure adapted for

p-type FETs from Ref. 7. Note that the figure is not quantitatively applicable
to the current work. The figure is merely used to explain the phenomenon of

(2). This threshold voltage was then subtracted from the gatg@te-bias-dependent mobility.
bias. The factor 14 could then be found as the slope in a

log-log plot. Figure 4 shows some examples of a particulaghan 0. Once the channel is formed, the gate bias will move
device at several temperatures ranging from 150 K t0 340 Kihe Fermi level relatively little at the interface, and we can
Clearly, y is independent of temperature and remains fixed agypect the currents to follow the above equation for a wide
~5 for this device. This directly contradicts the model of range of gate biases. The temperature, however, can Eiove
Vissenberg, which predicts a temperature dependengeasf  sjgnificantly, resulting in a temperature-dependent(The
given in Eq.(5). However, the high value foy can be ex-  gensity of trap states is not expected to depend on tempera-
plained with the MTR/PF model when the density of freeq 1o otherwise it would also be a source for a temperature-
carriers is insignificant compared to trapped carriers, bUBependenty.) This can encompass the behavior as described
rises faster with the Fermi level at the interface and henc%y Vissenberg and co-workérer Shuf and Eq.(5) when

with the gate voltage, as demonstrated for amorphous silicofhe density of deep states grows exponentially over a wider

. 7 X . .
in the text book of Shur.Following this reasoning, we can  energy rangé.Moreover, the density and energetic distribu-

predict any value fory: Imagine a situation where the den- tjon of the traps and thus the parametersand p, can

sity of trapped charges; depends on the position of the syrongly depend on the device fabrication and handling con-
Fermi level in an exponential wel§eqg. (10)], and the density  gitions and even on the history of the device, makingary
of free holesp depends exponentially on the Fermi level in af.om sample to sample and in the extreme cases even from

different way([Eq. (11)], as shown in Fig. 5, measurement to measurement. It still remains to be explained

Py = Pro eXp(— aEg), (10) how the value ofy can be totally independent of temperature
and deviating from zero as demonstrated in Fig. 4. Possibly,
P = po exp(- bEp). (11) a huge density of traps pins the Fermi level at a certain point.

The as-measured mobility as a function of temperature is

Herea andb are parameters that describe the dependémce presented in Arrhenius plots in Fig. 6 for various gate biases.
is nominally 1KT as for simple conduction and valence The procedure here was to fit the transfer curve with a model
bandg. The induced total charge density at the interface deof Eq. (2) at each temperature. From this, the as-measured
pends on the gate biaQ,=CoxVy=pi*p. The conduction, mobility was calculated with the definition of E(B). As can
however, is only caused by free holeg~p. Now if the  pe seen, the device follows the Meyer-Neldel rule for tem-
density of trapped charge is much higher than the density oberatures below 200 K with &y of Eq. (9) of 750 K and a
free chargep,>p, then a combination of Eq¢10) and(11)  prefactor uy=0.37 cn?/Vs. Above 200 K the device
will result in a gate-dependent mobilifyger. switches abruptly. While the Meyer-Neldel temperature re-

lgeot CoV?V, (12) mains at 750 K, the prefactor drops to X@072 cn?/Vs.

9 "% The temperature of 200 K coincides with the onset of stress-
Hence,y=b/a-1. The factorsaa andb (can depend on the ing as previously described by BaNVhile both effects —
position of the Fermi level. As an example, in Fig. 5, whenstressing and a nonzenp— are caused by traps, the direct
the Fermi level is below 0.5 eV, both slopes are parallel andink between the two is not clear at this moment. In the
v=0, whereas whelk is above 0.6 eV;y is much larger literature for amorphous silicon stressing is explained by as-
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FIG. 6. Arrhenius plots of the as-measured mo_bijzi&e,h for \_/z_arious gate kG, 8. Arrhenius plot of the as-measured mobility of a submicron-FET for
voltagesVy—V,. The Meyer-Neldel rule holds with a transition at around various gate biases

200 K. The median activation energy for the lines shown above is 0.16 eV,
close to the activation energy found in the temperature-scanned-current
measurements. in a straight line if the model is applicable to our devices.
Figure 9 shows such a Levinson plot for a long-channel FET
suming acreationof new defects, while, as shown above, for where a lot of barriers might be expected. On the basis of
a gate-dependent mobility only tlexistenceof trap states is  this figure the potential-barrier model seems unsustainable.
needed. Moreover, the same reasoning about thegative sign of
Other devices measured showed similar behavior. Inhe turn-on voltage of the devices can be employed as used
some devicey nearly follows the theory of Vissenberg, with by Streetet al® to reject the barrier model.
a T, of Eqg. (5) of =400 K, whereas other devices deviate  For low conductivity materials, Poole and Frenkel sug-
more from this theory, with the extreme case the one pregested a field-assisted hopping via traps as the conduction
sented above. One of the devices measured in this study hagodel in 1938. In this case, the conduction is via a delocal-
a short(submicron channel length and therefore deserves &dzed band, but most of the time the charge spends at localized
little more attention in this report. Figure 7 showsas a states. Equatior{8) describes the field dependence of the
function of temperature. In this case, a sharp transitioty of mobility and Eq.(6) describes the temperature dependence.
is seen at 200 K. This transition is even more pronounced ilNote that these models assume that only the mobility de-
the Arrhenius plots of the mobility, see Fig. 8. Such sharppends on temperature while other parametsigh as the
behavior is typical for a phase transition; however, more inthreshold voltage or trap densjtdo not. The activation en-
formation is needed to draw such a conclusion. ergy E; of Eq. (6) for a device at a certain bias can be found
In some cases the current might be limited by the barriby plotting the thermally activated current in an Arrhenius
ers formed at the grain boundaries. According to the potenplot. Figure 10 gives an example. In this case, the current

tial barrier model, the currents follow the equatidn grows exponentially with an activation energy of 170 meV
W below 200 K. Above 200 K the stressing starts, as described
l4s= ICOX,uOVéexp(— s/Vé)Vds, (13 elsewheré. The creation of new trap states causing the

threshold voltage shift is now faster than the exponential
with V; the gate voltage corrected for the threshold voltageionization from the traps and, therefore, the current drops.
Heresis a parameter that depends on the temperature but not Clearer evidence for Poole-Frenkel conduction can be
on V. Thus, a Levinson plot of litys/ Vg) vs 1V will result
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FIG. 7. Dependence ofy in Ids~(vg—vt)1+y on the temperature of a FIG. 9. Levinson plot of a device at a temperature of 150 K. The curve has
submicron-FET. A sharp transition is seen at 200 K. The dashed curves sholseen corrected for the threshold voltalggzvg—vl with V,=-1.0 V, as
simulations of the behavior as predicted by Vissenberg With350 K and found by Eq.(2). The nonlinearity of the curves hints at a failure of the
standard FET theory. barrier model. Absolute values of currents and voltages used.
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FIG. 10. Arrhenius plot of the current. The current below 200 K can ber = 15 yrrent transient fory=-10 V andVe=-5 V. The straight line is

perfectly fit .With activation energy O.f 170 r_neV. Since the mobility_ is only a fit with near square-root behavig@=0.5391. The inset shows the same
weakly longitudinal and transverse field activatede, for example, Figs. 10 data and fit in linear format

and 5, respectively this energy is close to the trap depH, At 200 K the
stressing starts creating a large threshold voltage, as described elsewhere

(Ref. 9. Scanning parameter¥ys=-0.5V, Vg=-9 V, dT/dt=45 mK/s. proof of a PF conduction limited to only certain regions of
the device.
found in the low-voltage regions of tH¥ curves. Equation Traps are also efficiently studied in current transients.

(8) predicts a current that depends supra-linearly on théor a discreet, low-density trap level the free charge is ex-
drain-source voltage in the low-field region. Moreover, thesepected to decay exponentially. Moreover, a low density of
effects are expected to be most pronounced at low temperéraps or a shallow trap is not able to remove all the gate-
tures. Figure 11 shows soni¢ curves similar to the ones in induced free carriers from the delocalized band, and the cur-
Fig. 2, but of another device at 140 K. The curves are showment saturates at a nonzero value

in a form In(lgg/ Ve vs V32, which should be linear accord-

ing to Eq.(8) (Note: 14 uVg4). As can be seen, the Poole- lgs= Al exp(—=t/7) + 1 (15

Frenkel model describes the current very well. Theoretically, =~
substituting the mobility of Eq(8) in Eq. (1), the slope of With 7=7eexp(~E¢/KT). The trap level can then be found by
this curve should be equal tanits S) determiningr as a function of temperature. However, in this

case of a low density of deep traps, capacitance methods,

iV q [ g " such as DLTS, are more adequaté. -

TN "V el - 0.89 V7', (14) It is interesting to note that to measure the intrinsic mo-
9 \Vas bility uq of the material the measurement should be done

(based onL=10 um, T=140 K, ands=5s,). The experi- faster than the trapping time to ensure measuring the initial
K ' oL current. This, however, requires ultra-fast-pulsing tech-

mental slope obtained from Fig. 11 is 0.29%, reasonably . .
close to the theoretical value. The difference might be due t§ques. In slow scanned dc operation, th_e steady_ Bd .
N . L rent is measured and a reduced effective mobjliper is
an underestimation of the value efof T6 in the thin-film S . - L
. . : found, which is a weighed average of mobility of carriers in
structures. Another idea that might occur is that the Poole- . S .
the delocalized band and the trap states. Using intermediate

Frenkel type conduction applies to only a small part of thes eeds can result in any value of the mobility measured rang-
device(interface regiong with, therefore, a much shortér P y y 9

. ing from uq to ueer of EQ. (6).
In that case, however, the value of the slope should increase When the density of traps is large, the decay is no longer

beyond the theoretical value of 0.89. Therefore, we see no. .
simple exponential. The same can happen when the states

responsible for the trapping are distributed in energy or the
density of traps is changing over time. In that case, the re-
laxation becomes a convolution of relaxations to each trap
state. The result of this is the so-called stretched-exponential
transient of Eq(7).***3

Figure 12 shows a transient for a gate voltage of =10 V
and a drain-source voltage of =5 V. The current follows a
perfect stretched-exponential decay witB af 0.54 when an
offset current is subtracted. For other devices, the valye of
normally falls in the range 0.25-0.5, but in most cageis
close to 0.5 and the offset is negligible, i.e. the channel
G111V 140 K for diff o . . closes, indicating a huge number of traps.
—20.V. ;I'hisCl;chi;sa:hat the Igroolle(—ell;?gaI%;t‘inc;ngzgzﬁglsﬁgNg?g the curt\?es . Research is currently und?rway n Our group to deterj
have been shifted vertically in order to be closer to ¥he—20 V curve. ~ Min€ the nature of the traps. First results hint at an energetic
Device dimensionst =10 xm, W=10 mm. distribution of traps causing the nonexponential transients.

Ln(lds/Vds) (A/V)
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V. CONCLUSIONS Poole-Frenkel conduction. In a forthcoming publication, we

The results presented in this work can be explaineodemonSt.rate that a large density of trap states also causes the
observation of the Meyer-Neldel rufé.

when a huge den5|t_y of trapped charge cc_)mpared to the deri- As to the origin of the traps, nothing can be decided on
sity of free holes is assumed. From this follows a gate'the basis of the results presented here. However, since a trul
dependent mobilityu=puoVy, a stressing of the devicea b ) ’ y

shift of V, over time making it approach the gate hiasd a abundant trap is needed, an intrinsic defect is expected rather

. . h tr%an an impurity. As to the location of the traps also not
stretched-exponential behavior of the transients. Because (r)nuch can be said. but these traps should be in the vicinity of
the abundance of trap states, whenever there are free charg{ansé channel acco’mmodatin trl?e current. The most Iikyel
eventually they will all be trappedmarginally closing the | is in th ic | 9 t the interf ) y
channel,V,=V,). Moreover, a model incorporating a large place 1S In Ihe organic 1ayer, at Ine intertace.

Lot ' corp g alarg One final thing to remark is that when we talk about the
density of traps also adequately describes the Iongltudlnabeh

field-dependent mobility according to the Poole-Frenkel avior of th_e mobility, such as .actlvatlon energy etc., we
- i/ L are in fact talking about the behavior of the density of mobile
model =g exp(ansz). As an example of the activation en-

ergy of the current we found a value of 0.17 eV. It is notcharges. The real mobility of the free charges is constant and

directly clear if this value relates to the trap depth. It is alsomUCh higher.
important to note that this energy is not necessarily equal A CKNOWLEDGMENTS
the energy of defect creation found in the stressing
experiments. This work was financed by POCTI/34668/FIS/2000 and
The model of Shur, via Eq12) predicts a mobility that POCTI/FAT/47956/2002.
depends on the gate of the forme< Vg, In this way, the o '
explanation of the gate-dependent mobility has been post-L: Burgi, H. Sirringhaus, and R. H. Friend, Appl. Phys. Le80, 2913
poned to explaining the factoesandb. As said beforeb is 2(C§.Ol?lg;owitz R. Hajlaoui, D. Fichou, and A. El Kassmi, J. Appl. Ph8§
normally 1 kT, as for normal band conduction. For the factor 3202(1999. ' ' ' '
a we expect the same value, independent of the distribution’G. Horowitz, M. E. Hajlaoui, and R. Hajlaoui, J. Appl. Phy87, 4456
of the trap states, when the Fermi level is far above the traggzoﬁgs'ch(m and B. Batlogg, Appl. Phys. Lefé, 260(1999
level. Only in the case of a Fermi level resonant with the trap 55. M. Sze Physics of Serﬁg;)ng&'tor ge;,ic@s{a ed.(Wiley, New York,
level can we expect a factarsmaller than thigand hence a  19s1).
supralinear growth of the current in a transfer curve jM- C. J. M. Vissenberg, M. Matters, Phys. Rev.5, 12964(1998.
On the other hand, the model of Vissenberg and co- 1M993husrelzhisj(1:§ of Semiconductor Devic@2rentice-Hall, New Jersey,
workers based on the VRH theory — without the inclusion sg_Horowitz, Adv. Mater(Weinheim, Ge, 10, 365 (1998.
of delocalized bands, but only an exponentially decaying tail °H. L. Gomeset al, Appl. Phys. Lett.84, 3184(2004.

. 0, . . .
of trap states — does not adequately describe all of the de-C- Santato, V. A. L. Roy, P. Stallinga, R. Zamboni, S. De Visser, P. Her-
vices emans, and M. Muccini, Appl. Phys. Letsubmitted.

- YR, G. Palmer, D. L. Stein, E. Abrahams, and P. W. Anderson, Phys. Rev.
The Meyer-Neldel rule that states that the mobilities as | ett. 53 958(1984.

plotted in an Arrhenius plot for any gate bias lie on a line 'A. Bunde, S. Havlin, J. Klafter, G. Graff, and A. Shehter, Phys. Rev. Lett.
going through a single point holds for all samples, with a13FZ8'K3?13|8(19§:17)" Rinteln, Ann. Phys. Cheni®, 353 (1847

L. _ . s . . Konirauscn In Rintein, Ann. YS. em .
transition at 200 K.. In th(_e nano FET t_h|s tranS|.t|c.)n is MOStisg k" Jones and M. A. Igbal, Mater. Sci. Foruits8-263 933 (1997,
abrupt and dramatic. This transition is also visible in thex. waragai, H. Akimichi, S. Hotta, and H. Kano, Phys. Rev5g, 1786
temperature-scanned currents; at 200 K the creation of new1995. ' )
defect states eclipses the effect of ionization of charges fromR: A Street, D. Knipp, and A. R. VGlkel, Appl. Phys. Let80, 1658
the aIready existing traps. Hence the current drops rapidly. 17y £ chen and S. F. Huang, Phys. Rev.48, 13775(1991).

A Levinson plot of the transfer curves revealed that bar-'%r. s. crandall, Phys. Rev. B3, 4057(1991).

riers at grain boundaries are not needed to explain the behavE. Meijer, Ph.D. thesis, Technische Universiteit Delft, 2003; E. J. Meijer,

ior of the devices. Also, in no case was contact resistanceM: Matters, P. T. Herwig, D. M. de Leeuw, and T. M. Klapwijk, Appl.
Phys. Lett. 76, 3433(2000; E. J. Meijer, D. B. A. Rep, D. M. de Leeuw,

needed to describe the data. M. Matters, P. T. Herwig, and T. M. Klapwilk, Synth. Metl21, 1351
It has to be pointed out that, although the results pre- (2003.
sented here were obtained feT6 FETSs, similar results can 20p, Stallindga, H. L.IGOr:neS, H. Rost, A. B. Holmes, M. G. Harrison, and R.
; ., ioH. Friend, J. Appl. Phys89, 1713(2001.
be expected for other mater!als. As Iong as the, trap densny IﬁH. L. Gomes, P. Stallinga, H. Rost, A. B. Holmes, M. G. Harrison, and R.
huge compared to the density of free states, similar behaviory rriend, Appl. Phys. Lett74, 1144(1999.

is expected; gate-bias-dependent mobility, stressing, an@iP. Stallinga and H. L. Gomeginpublishegt

Downloaded 09 Nov 2004 to 192.167.164.69. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



