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Space-charge and trap-filling effects in organic thin film field-effect transistors
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We use a surface-charge formalism to analyze recent measurements of the electrical properties of organic
thin films in a planar field-effect transistGfET) geometry, including the contribution of both injected charge
carriers and charge carriers introduced because of doping. In the presence of trapping centers we find that the
electrical conduction in the channel can follow a trap-filling transition with increasing gate voltage. This effect,
which produces a significant variation in the effective mobility with gate voltage and induces a strong depen-
dence of the apparent threshold voltage on the temperature, has been observed in measurements on organic
FETs but its origin had remained unclear up to now. In addition, we find that space-charge effects can explain
several features of recent experiments with organic KBFEETS that cannot be described by the conventional
FET model, such as the absence of a saturation behavior for higher source-drain voltages, which we assign to
space-charge limited conduction near the drain electrode and which becomes the dominant contribution when
the source-drain distance is decreased. The formalism that we used for this analysis can be applied to any FET
system based on charge-carrier injection in insulators, and it has an intrinsic flexibility that allows easy
extension to take into account additional effects.
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I. INTRODUCTION tigation of various insulating organic materidls.
Injection of free charge carriers into an insulator from It should also be noted that the direct application of for-

Ohmic metallic contacts results in an inhomogeneous spac&Ulas originally developed for conventional metal-oxide-
charge density which can lead to a space-charge limite§€Miconductor FET$MOSFETS to describe the electrical

(SCL) current proportional to the square of the appliedProperties of organic IFETS has generated some confusion in
voltagel Although this effect is well-known for one- defining important parameters of these devices. One example

dimensional conduction between two electrobidst has is the meaning of the threshold voltage in a system where

commonly been neglected in the case of injection-based Supjost of the charge carriers are injected from the contacts and

. : . ; not created by the formation of an inversion layer in the
face field-effect tran5|§tquFET’? struc“ture_s“usmg an insulat- -0 epi0 Another example is an analytical treatment that
ing material between “source” and “drain” metal electrodes

was proposed to model the current-voltage characteristics of

L 4 ch dens: ith th | ied . ?short—channel organic IFETsThe model was derived as-
Injected charge density with the voltage applied to a “gate’sjing the existence of a parasitic resistance in series with

electrode, and it was first described by \_Nn@ﬁtLater, the  an ON-channel resistance representing the accumulation
problem was treated again, often relying on establisheghyer in the channél.This approach is not entirely satisfac-
knowledge about FETs based on differently doped semicongry since the final drain current expression does not tend to
ductors, and several models were proposed to understand tfige Mott-Gurney law in the limit of high source-drain volt-
charge transport mechanism in this class of devicEs. ages. Further, the model also considers an additional depen-
However, no coherent analytical treatment describing thelence of the parasitic resistance on the gate voltage which
physics of charge transport in the insulating thin film of anobscures the interpretation of the physical origin behind that
IFET, which can be easily modified to include the effects ofresistance.
SCL and trap filling, has been published to date. Equations In this paper we analyze charge transport in the IFET
imported by analogy from standard FET models have beeshannel using an analytical approach that can take into ac-
used in the past, but they had only limited success in theount the effects of space-charge screening and charge-
interpretation of experimental results, and it is not possible taarrier trapping. The assumptions used to develop the theory
relate the assumptions on which they were based to the readnd their physical consequences can be readily identified,
ity of the IFET geometry and the materials it uses. and the relationship between experimental results and micro-
This situation needs to be rectified also because of thecopic material parameters is clearly established. This avoids
great technological and fundamental interest in organi¢he sometimes nontrivial adaptation of concepts derived from
IFETs?1314where charge transport takes place in an organisemiconductor device physics to IFETSs.
wide-band gap insulator. These devices have attracted great We will show that SCL effects induce a nonsaturation of
attention recently because of their potential application inthe current at high source-drain voltages in short-channel de-
low-cost integrated circuits. Moreover, the IFET geometryvices, an effect that can be minimized by decreasing the
has also been successfully applied to the fundamental inveshannel thickness. This prediction is confirmed by recently
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,||_ S Channel insulator iD__| |_||, electronic levels that can trap the charge carriers. Addition-
v ally, we assume that one type of charge carrier can be in-

7 Gate ",‘s“",’t“/// ds jected through Ohmic contacts at the source and drain elec-

I||—| I— Gate trodes, and we neglect the effects of diffusion. These

Vg approximations enable the development of a simple, yet
powerful model that allows us to quantitatively evaluate the

FIG. 1. Schematic structure of the injection-based field-effectessential features of charge transport in the channel insulator.
transistorIFET) configuration considered her®is the source elec-  Without loss of generality, we assume in the following that

trode andD is the drain electrode. the injected charge carriers are electrons.

IFETs usingp-type organic insulators can suffer a redox
published experimental data, where a nonsaturation of thdoping of the channel with oxygen when in contact withPair.
current-voltage characteristics has been observed in shoi®imilar electrochemical mechanisms can also doggpe
channel OFETs without a reasonable explanatfol.From  organic insulator.Hence, we allow for the possibility of
this analysis it is clear that SCL conduction can strongly(intentional or unintentiongaldoping of the channel insulator
influence operational parameters and design consideratioly considering a constant free-carrier densigy This corre-
for thin-film IFET geometries based on organic semiconducsponds to a charge per unit surface
tors and insulators, and also the interpretation of experimen- _
tal results obtained using such devices. Qo= *enyD, @)

Finally, we analyze the effects of charge-carrier trappingwheree is the unit chargeD is the thickness of the channel
in the channel. We demonstrate that the effective field-effecthsulator, and the lower sign must be used when the free
mobility becomes dependent on the gate voltage once trapsarriers arising from doping are electrons.
are present in the active layer. Such a gate voltage depen- we consider an electron density(x,y) that is injected
dence of the field-effect mobility has been observed in oryy the source-drain voltage, and an electron densjty, y)
ganic IFET8'%2%and sometimes ascribed to an intrinsic that is injected by the source-gate and the drain-gate voltages
charge-transport process typical of disordered materialgy measures the distance in the channel from the source elec-
However, by simply assuming the presence of a singleyode andy measures the distance in the channel from the
energy trap level in the organic insulator, we demonstrate th@ate insulator interfage Qy(x) and Qudx) are the corre-
existence of a trap-filling transition that occurs with increas'sponding surface charge densities. For a doped channel insu-
ing gate voltage and that is able to explain quite well thej5ior the surface IFET operates in the “accumulation” re-
mobility data recently measured in OFETS. gime when a positivénegativg gate bias is applied to an

We start by presenting, in Sec. Il, the fundamental effectsl,]_type (p-type) channel. Under these circumstand@g(x)

on which the operation of the IFET rests, and the theoretica‘lmd Q, have identical sigf. Finally, we assume that the

approach that we will use. This will establish the basic astnannel insulator is only lightly doped so that the space-

sumpt_|ons of the theorepcal model and its erendence 0Eharge created by uncompensated donors is small compared
material parameters typical of IFETs. Next, in Sec. lll, we o n, andn,
g s

will analyze the expected behavior of the IFET, highlighting The fundamental equations determining the curregt

the influence of space-charge effects and trap filling, disCusg,ing between drain and source electrodes are the Gauss
the on/off ratio, and compare our predictions with eXperi-gquation and the transport equation

mental data.
d d e
S Sy )], @
Il. THEORETICAL MODEL dx dy €€
In this section we analyze, using the surface-charge for- lgs= WE,(X)|Qg(X) + Qo + Qae¥)], 3)

malism, the basic transport mechanisms involved in the IFET

operation. We show that the IFET problem can be treated bwhereE is the electric field in the channel insulator, with

separating the charge density injected in the channel by thendy component&, andE,, ¢ is the vacuum permittivitye

gate voltage from the charge density injected in the channes the dielectric constant of the channel insulatat,s the

by the source-drain voltage. These quantities are expressetiannel width, ang: is the charge-carrier mobility. Note that

in terms of a surface density in the fundamental equationg3) is valid without any special requirement on thelepen-

and the predominance of one of these charge densities detelence of the charge density.

mines different regimes of the device operation. The current 4 depends on the total charge at the position
The schematic IFET structure we are interested in ix and on thex component of the electric field at the same

shown in Fig. 1: a thin film “channel insulatorthe active  position, but its final value must not depend xanEquation

organic film in OFET$ connects the source and drain con- (3) therefore provides a generally valid relation between the

tacts, and a high resistivity “gate insulator” separates thelectric field and the free-electron density found at a given

channel insulator from the gate electrode. Since we first wantoordinate along the channel.

to describe the fundamental properties of a model device, we When the channel length is much larger than the gate

consider charge carriers with a constant, electric-fieldinsulator thickness, it is reasonable to assume that the elec-

independent mobility, and a channel insulator free of anytric charge density associated with the variation of the elec-
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tric field in they direction is much higher than that related =~ When Vs is higher thanV, there is a range ot values

to a variation of the electric field in thex direction, whereE, becomes of the order d&, and the assumptions
or |dEy/dy|>|dEX/dx[. Using this *“gradual channel used to derivg4) and (6) are not fulfilled anymore. How-
approximation,®> we can separate the Gauss equatidn ever, we can assume that this rangex oflues is very small

by associating, with the dE,/dy term, and write compared to the channel lendthWe can therefore define a
coordinatex, whereV(xy) =V, and consider it to be the end
dEx_(X) - QL(X) (4) of the accumulation region, and the start of a “depletion”
dx €D’ region.

In the depletion regiorV(x) >V, andE, tends to push the
free charge carriers away from the interface between gate
é'nsulator and channel insulator. F@,<0, the doping-
glduced free charge carriers are depleted near this interface

nd drift out of the film through the Ohmic drain contact.

whereD is the thickness of the channel insulator.
Equations(3) and (4) are difficult to solve in general.

However, it is possible to find specific regions between th

source and drain electrodes where simplifying assumption

can be made and an expression for the gate-induced surfa his situation can be modeled by a depletion layer of thick-

chargeQ,(x) can be found. Equation(8) and(4) can then be : .
combine%i into a simple characteristic equation for each rerje.SSt ”} the t;:hannel |rlsula_tor, sls)_thatv\t/hef_t%talbcharlge per
gion. The characteristic equations are then solved separate'l:)'{n"t surlace ecome@o .Qg_en?( .t)r'\gg e findt by solv-
and the requirement of continuity of the electric field is used"9 the Gauss equation in tyedirectiorr
to match the solutions in adjacent regions. _ €€ 1/

In a functioning IFET, there must be a region where the t= E[(l +alV-Vg])"e-1], (9)
charge induced by the gate dominates over the other compo- '
nents. The gate-induced surface charge in this so-called “agvherea=2C;/V,Cs and Cs= €,/ D. The thickness reaches

cumulation region” is given by the capacity per unit aa its upper limitt=D when the voltage/ reaches a “pinch-off’

of the gate insulaté® voltageV,=Vy+Vy(1+C;/2Cy) at a coordinate, along the
channel.
Qy(X) == Ci[Vg = V(X)], ©) Using(3) and(4), we can write the characteristic equation
where V(x) is the potential in the channel between source/" the depletion region wheng <x<x,
and drain electrode¥/(x) starts from zero at the source elec- lgs d?v dv
trode and reacheé at the drain electrode. Wi ceD 7 +CGVo—en(D -0 |~ (10
Inserting (5) and (4) into (3), we find the characteristic
equation for the accumulation region Substitution of(9) and (10) and integration of the resulting
, expression fromx, to a pointx inside the depletion region
| d-v dv i
Jds _ [eeoD— +C[(Vy+ Vo) - V]] & (g Yelds
: : : S x= —ZAEX(x) + -(vv +—q>+ i+ CIVo(V -V,
where V, is a doping related voltage defined By,= W,ux 2 <)+ Ci| VoV 2 (Ci+ CIVol J
-Qu/C; (V, is positive for electron doping Integration of (CV)?
(6) gives +—0[1-(1+a[V- V¥, (12)
3C,
lys €D, 5 V2 . _ _
W—Mx— TAEX(X) +Ci| (Vg+ VoV - PE (7 In writing (11) we considered the component of the electric

field continuous akg and given by(7).

whereAE2(x) = E2(x) —EZ(0). If the source-drain voltag¥, For the case wheWy<V, andx,>L the depletion re-

remains lower thaW,, the accumulation layer extends all the gion extends up to the drain contact. The source-drain cur-
way from the source to the drain electrode, afitl)=V, rent in the depletion region is then found by substituting

Equation(7) then becomes =L andV(x)=Vgs into (11)

Wu| €D , V2
Wi | egD VA | :—{—AE(L)+C(VV +—2 | +(C+ CYVy(V,
'ds:T{TOAE?(L)*Ci[<V9+V°>Vds‘7"SH- @ Tl |2 ARGV G GV
. . . .. (CSVO)Z 3/
This equation gives the current-voltage-V) characteristics - g)+T[l—(1 +a[Vgs— Vgl) 211. (12
i

for the IFET in the rangé/ys<V, as a function of the dif-
ference AE,(L) of the electric fields at the drain and the This equation gives the-V characteristics for the IFET in
source electrode. The latter can be found numerically fromhe rangeVy,<Vys<V,. As for the expression for the accu-
(7) and the conditiorvdsthEx(t)dt, but it turns out that its mulation region derived abovAEi(L) can be found by nu-
contribution in(8) is negligible forVys<V,. The reason is merical integration, but can be shown to be negligible for
that in this case the potential drop between the source and,<V,. When Vs approaches/, the carrier density de-
drain electrodes tends to be evenly distributed along thereases towards the drain electrodes, Bgd) correspond-
channel, andg,(0)=E,(L)=VyJ/L, so thatAEX(L)=Ef(L) ingly increases. Despite this, we will show below that
—Eﬁ(O)zO. —especially for long channel lengths—the range of ap-
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plication of (11) and(12) can be extended with minor error 3.0 - . - A . - .

! : ) . (a) (b) 0.15
until V4=V, while at the same time neglecting the term I
containingAEZ(L). 2 50l ]

We now finally come to the “insulating” region, where E ™ I 10:10
V(x) >V, andx>x,. The IFET regime of operation associ- 3§ ]
ated with the growing of an insulating region inside the 1.0} 1 /// 0.05
channel has been traditionally called the “saturation” regime. || _—" —"~—=4 ]

The free charge carriers present in the insulating region [ —————=" ]
are only_the charge@dsinjec.teq by the.source-dr.ain vqltagg 00 50 100 150 200 0 50 100 150 *203
(Qg+Q0—0): The characteristic equation for this region is Vs (V) Vas (V)
then very simple

| v 1dv FIG. 2. Current-voltaggl-V) characteristics of two surface
£:|:660D_:|_. (13) IFET. The simulation parameters a@=1.76X10%Fm?2, u
W dx® | dx =104 m?V1st ng=10"m=3, W=1.5 nm, D=100 nm, e=3, L

=3 um (a), andL=25 um (b). The curves were plotted with in-
creasing gate voltage of 0 Mashed curve, not visible iib)], 3, 5,
7, 10, and 15 Mcontinuous curves

After integrating(13) from x; to a pointx inside the insulat-
ing region, applying(11) and the continuity of the electric
field atx,, and using the expressions G andV,, we find
las - @AE)%(X) + Cié, (14) (Vgs— Vp)2 _ 4G (L- Xp)3
W 2 2 B - 9eeD X,
where B=(V,+V,)?+€2n3D%/ 3e€;. The source-drain current
in the saturation regime is then found by substitutiygL

: (18

which givesx, as a function oW Insertingg,(L) from (16)
into (15), one then obtains the source-drain current in the

into (14) saturation regime. In the limit wheln>D, the space-charge
Wu| eeD |, _, B effects can be neglected for values\ffs not much higher
los= | = AR +CT 1. (15 thanV,, and Eq.(15) gives the conventional formuléy,

:W,uCi(Vg+VO)2/(2L) for the saturation current. We now
This equation would predict a constant current if the firsthave a complete solution for the source-drain current at all
term between brackets was negligible, as we found for thgate voltages and all source-drain voltages.

accumulation region. A constant saturation current is also the

solution that is most often found in the literature of organic

IFETs>® But such an assumption is in general not at all lll. RESULTS AND DISCUSSION

justified. Most of the potential applied between the source
and drain electrodes drops in the small insulating region near
the drain electrode where the charge-carrier density becomes Figure 2 shows the-V characteristics predicted fro(8),

very small. The magnitude of the electric fig(L) can then (12), (15), (16), and (18) for various gate voltages. The

be much larger tharE,(0), and AEi(L)in(L) becomes curves were calculated taking parameters that are represen-
very relevant in(15). An approximate analytical solution for tative of IFETs using high-quality organic semiconductors.
the current can be obtained by finding an approximate relaOne sees that the current keeps increasing Within the

tion between the coordinatg and the source-drain voltage. "@ng€Vgs>Vp. The nonsaturation of the current is more pro-
The small density of free charge carriers in the insulating?ounced at low gate voltages and is due to the participation
region impliesE,(x) > E,(x,) for x>x,, except near the vi- pf the !njected charg®ys in th'e electrical conduction of'the
cinities of x=x,,. It is then a good approximation to assume insulating layer. The potential drop between the poits
that the electric field inside the insulating region is given by=Xp @hdx=L is then high but finite. In the limit of larg¥ys

the space-charge field found between two Ohmic electroded’ SmallVy, the carriers injected by the source-drain voltage

A. The current-voltage characteristics

separated by the distante-x,; we can then write? dominate the conduction and the source-drain current in-
creases quadratically with the applied voltage, a typical sig-

E L) ~ 3Vygs—Vp (16) nature of a space-charge limited current.\t=0, and for a

X 2 L-x%, ' low doping level of the channel insulatdg, is given by the

_ _ Mott-Gurney law, orl¢y=(9/8)WDeeuVA /L2,
The current flowing between the source and drain contacts Figure 2 also compares the-V curves for a short-

'St th_e samg a_tl_everyfgogrdmate)f the channel. Using14) channel devicgFig. 2(a)] with the curves for a long-channel
atx=Xx, andx=L, we fin device [Fig. Zb)]. The long-channel IFET shows a better

1 1 eeD(AEAL) AEX(x,) saturation of the source-drain current in the “saturation” re-
< L Cp L x : (17)  gime; the increase df decreases the injection of the space-
P ! P chargeQy,, lowering the electrical conductivity of the insu-

We already argued above thaf(L)> E,(x,) =E,(0). Equa- lating layer. Therefore, with decreasingor increasingD
tion (17) then givesEﬁ(L):(Ci,Bl e€oD)(L—X,)/%,. The com-  [see Eq(15)], the contribution of SCL effects on the device
parison of this relation witt{16) yields operation increases, enhancing the nonlinearities of the satu-
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Qqs is lower since g-n junction is a poor injecting contact
compared to an Omic metal/insulator interface. In these de-
vices short-channel effects depend on the relative dimension
of the depletion-layer widths of the source and drain junc-
tions relative to the channel length. These effects are severe
when the device operates in punch-through conditions which
cannot be avoided by simply decreasing the channel semi-
conductor thickness.

104,

Q(C/m?2)

105

B. The on/off ratio

10-6 N 1 N 1 _ . . L
0 10 20 Space-charge effects impose geometrical limits on the
performance of an IFET. This becomes clear when we cal-
X(um) culate approximate relations for an important device param-

S eter, the on/off ratio. We define the on/off ratio at a gi%ég
FIG. 3. Spatial distribution of surface space-charge along thes the ratio between the current in the transistor wign
IFET channel. The device pal’ameters are the same of EbgWZth :VdS (“On” Stat@ and the current Whewgzo (“Off" State)
Vis=33.3 V andVy;=3 V, but considering/o=0 V. The continuous  pye to the contribution of the space-charge limited current
line represents the surface charge in the “accumulation” region angy; the off state. different dependencies of the on/off ratio on
the dashed line represents the surface charge in the “insulatingl”he source—drai’n voltage can be obtained. For example, if
region. Vgs=V,, the SCL current is negligible and the on/off ratio is

ration current at small gate voltages. This result can account lon Va+ 2VoVgs

for the nonsaturation of the current at high source-drain volt- E = V2 + (qPn2D%3eeo)

ages that has been observed in organic IFETs with channel 5 1

lengths of the order of 4um'>'® and hundreds of : YN 2GC v 148 (19

nanometers! In accordance with the theory developed in B oPn2D? 4" qngD ds 3eey)

Sec. Il, the measurements performed in Ref. 17 show that the

nonsaturation of the source-drain current increases with dévhere we have used E(P) to calculate the on current and

creasing channel length. Eq. (15) to calculate the off current. A similar relation to Eq.
The spatial distribution of surface charge inside the IFET(19) was derived in Ref. 8 for the on/off ratio of a lightly

in the saturation regime, for a channel insulator free of dopdoped organic FET. At high source-drain voltages so that

ing, is shown in Fig. 3. In this simulationy=33.3 V,V,  Vas> V), Space-charge effects cannot be neglected and Eq.

=3V, andL=25 um. The curve was calculated performing (19) is not valid any more. In this limit the off current can be

a numerical integration af7) and applying15). One can see approximated by the Mott-Gurney law and the on current by

that the length of the “insulating” region is small comparedEd. (15). The on/off ratio is

to the length of the “accumulation” region, even wheg Y '

>V,. The transition between the two regions is sharp and the lon ~ WuCi(Vad2L) = G 2

. . : . 23
charge contained in the accumulation region is high com- lott  (9/8)WDeeou(VgdL") 9Deey

pared with the charge in the insulating region. The numericag  ation(20) depends only on the geometrical properties of
result confirms that the approximations used to derive the,e geyice and represents the upper theoretical limit for the
analyticall -V characteristics are reasonably precise; for eX4/off ratio of an ideal “ultrapure” IFET.

(20)

ample, the value of the coordinatg in Fig. 3 is 20.93um, Due to the lower off current, the on/off ratio calculated
whereas the value ofx, calculated applying(18) is  fom Eq.(20) is always higher than the ratio predicted from
20.84 um. Eqg. (19). Both equations predict an increase of the device

Finally, it is important to note froni18) that the doping of  g\itching properties with decreasing thickness of the insula-
the channel insulator, by increasing the plnch—off. voltage,tor channel, but Eq(19) does not predict a dependence of
decreases the length of the msulator layer for a given valug,. on/off ratio on the channel length. This dependence is
of Vs>V, However, the doping does not change the slop&,,vicit in Eq. (20), where one can see that the device

of the drain current once the saturation regime is reached. gitching performance decreases rapidly with decreasing
A nonsaturation of the drain current has also been ob:

. . channel length. This can put important limits on the level of
served in a MOSFETsee Fig. 41, Ref. 4, p. 4Y8vhere tWo  \iniatrization that can be achieved with organic-based
p-n junctions separate the source and drain electrodes frog1q
the channel. However, there the physical mechanism is
different? It cannot be used for the IFET where, as an ex-
ample, the nonsaturation of the drain current mainly depends
on the thickness of the channel insulator relative to its The model developed in Sec. Il uses a formalism based on
length: short-channel IFETs can have a good saturation afurface charges for modeling the electronic properties of thin
the drain current if the insulator channel is sufficiently thin.film IFETs. This formalism is very flexible and can be ex-

In conventional MOSFETSs the influence of the space-chargéended to treat more complex physical situations. We illus-

C. The effect of charge-carrier trapping
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trate this flexibility by analyzing the effect of charge-carrier 8x103 . -

trapping in the channel insulator during the accumulation | TTToam0® c““zz Y

regime. eeeme 7
We consider a device that is free of doping impurities but ~ X0 cooecim? ,./f'/’// /,/

that contains a density, of centers that can trap the injected i 2

charge carriers. We assurbhe>D, so that the charge injected < o9l w/,,//”/////"

by the source-drain voltage can be neglected compared to the 2 _,.,x'/”. e ~

charge injected by the gate voltage. This injected charge is ] /.,//,./

then distributed between the free and the trapped carriers. < axi09f ) j{f-/" rd

Applying the detailed balance principle, the density of free I //’/

carriersn depends on the density of occupied trapg, as /

anl at=Bn,.— yn(N;—nyo), whereB and y are parameters re- % — 5 0 15

lated to the emission and capture rates of the traps, respec- Vg (V)

tively. In steady state this gives an equation in terms of sur-

face charges FIG. 4. Square root of the saturation current as a function of the

gate voltage. The device parameters are the same of the (Big. 2
Q; was assumed to be 0.0016 C7mvhich corresponds to a total
density of trapsN;=10?% m™3. The curves were calculated from the

where a=8/ v is a parameter that depends on the absoluté]umerical integration of Eq(23) using the exact solutic_m of Eq.
a=ply P P (21). The dotted curve was calculated from the conventional model,

temperature, an@,=—-gqND. If we can assume th&d,>Q, 7 2 )
and that the emission rate of the traps is small, then most (igaé)_wﬂgvgl(zul and the dashed curve was derived from Eq.

the charge carriers induced by the gate voltage are trapp

and Eq.(21) can be approximated by a first-order expansion ) ) o
since carrier trapping can mask some features of the intrinsic

Qg B eree

, 21
Qt - (Qg - ere9) ( )

Qfree= @

on Q,/
Q' mobility.
Qpou~ ag.l 1 +QJ (22) In Fig. 4 we plot the square root of the saturation current
free Q Q/ as a function of the gate voltage calculated from the numeri-

o _ cal integration of the left-hand side of E@3) and using the
Modifying Eq. (3) and using Eqs(5) and (22), we can  exact expression foy. obtained from the solution of Eq.
write the characteristic equation for the accumulation regimg21) The curves were calculated for various values of the

| o CA(V, - V)2 | dV parametere and for a fixed value o€;. The following fea-
—ds _ QireEy = _|:Ci(vg -V)+— }— tures can be distinguished.
W Qi Qi dx (i) WhenQ,/ > 1, which simulates measurements at low

(23)

Integration of Eq(23) from the source to the drain elec-
trodes usingv(0)=0 andV/(L)=V results in

temperatures or the presence of deep traps in the channel,
most of the charges induced by the gate voltage are trapped
and Eq.(25) is valid. In this regime the curvi:; as a func-

tion of the gate voltage is nonlinear for a wide range of
values ofV,,.

(i) When Q/a=1, the 12> curve resembles a straight
line in the limit of high gate voltages. At small gate voltages
the saturation current is higher than the current obtained ex-
trapolating this straight line t&%,— 0. Further, it is evident
in Fig. 3 that the point in which the straight line crosses the
V, axis changes witly. Therefore, the direct application of

W_ ., «a 2C; the conventional FET model to explain these curves would
lsat= ZCng,Ma 1+£Vg : result in a threshold voltage that strongly depends on the
t t temperature, decreasing with increasiigThe above fea-
Equation(25) shows that the effective field-effect mobility tures were observed in recent measurements performed using
measured by the saturation current method depends on tleganic IFETS?19.21-2%ut the explanation was controversial
gate voltage once charge-carrier traps are present in thatil now. Some of these features were ascribed to the hop-
channel. It should be noted that this effect was derived withping transport mechanism of the charge carriers in the disor-
out any further assumption about the nature of the traps adered organic insulatdf. However, from the discussion
the physical mechanism behind the charge-carrier transporabove, it is clear that such features can be produced by
The dependence of the field-effect mobility ¥ has been charge-carrier trapping, independently of the mechanism be-
observed in organic IFE¥48-2°and sometimes ascribed to hind the charge transport. In principle, comparing measure-
an intrinsic charge-transport mechanism present in this kindnent performed at different temperatures, it should be pos-
of material. However, from the discussion above, it is clearsible to determine the variation ot with T. Once this
that measurements of the intrinsic transport properties of th&unction is known, one can separate the intrinsic transport
channel insulator using IFETs should be accepted with carproperties of the material from the ones affected by the car-

(24)

The saturation current is given by takings=V, in Eq.
(24), or

(25)
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0040 —F——— T T T Fig. 5 is the analog for the IFET geometry of the trap-filling
[ transition observed in the-V characteristics of an insulator
0.035 sandwiched between two Ohmic contacts and with a single
0.030 energy trap level in the gap.
- I Figure 5 also compares the theoretical curve with experi-
"o 0.025 mental data presented in Fig. 6 of Ref. 9. The data were
'-'> : measured in a typical OFET using dihexylsexithiophene
&_  0.020 (DH6T) as active layer. The theoretical curve was calculated
E [ using Q; and « as fitting parameters. One sees that the ex-
X 0015 perimental mobility follows quite well the dependence\gn
0010' predicted by Eqs(21) and (23). The value of the intrinsic
| mobility assumed in the simulatiop,=0.038 cmdV~1s7L, is
0.005 L1 L slightly higher than the mobility estimated from the “appar-

-10 20 25 -30 35 -40

-5 -15 ent” saturation of the experimental curve at high gate volt-
V (V) ages,u=~0.036 cntV~1s™L. This small discrepancy is attrib-
g uted to the fact that the experimental data do not really

saturate but start to decrease at high gate voltages. This de-

FIG. 5. Variation of the mobilityw with the gate voltage in . .
yi 9 9 ease after =30 V is due to Ohmic losses at the source and

accumulation regime obtained from the channel’s transconductanceé ~* g
method. The continuous line is calculated takin® ra”,] electrodes. . .
=0.000 45 C/rA and «=0.000 12 C/rA. The experimental data _ Since the values o and « obtained from the fitting in
(squareswere taken from Fig. 6 of Ref. 9. The device parametersFig. 5 are of the same order, the plotigf versusV, for the
areL=50 um, W=5 mm, andC,=5 nF/cn?. DH6T device should follow a curve of typgi) described
above. The experimental curve is presented in Fig. 5 of Ref.
rier trapping, which can reveal the real physical processeg’ where its clear that th_e data tend 1o bend upward at 'OW
responsible for this transport gate voltages, reproducing exactly the features shown in
(iii) Finally, when Q,/«<1, which simulates measure- Fig. 4.
ments performed at high temperatures or the presence of
shallow traps in the channel, the saturation current tends to

have the value predicted by the conventional FET model. .
In conclusion, we developed a treatment of charge trans-

The field-effect mobility in the accumulation regime can . . e
y 9 ngt in the insulating film of an IFET that allows one to take

be estimated measuring the channel transconductance. T h ff d ch )
transconductance is the partial derivative of the drain currerf!t0_account space-charge efiects and charge-carrier trap-

with the gate voltage at constab, For a conventional ping. We showed that the influence of space-charge effects

MOSFET, the relation between the mobility and the chan" the current-voltage curves can be very large. Experimen-
nel’s tran’sconductance is givenby tal data where a nonsaturation of the current at higher source-

drain voltages were observed should be reinterpreted in light

IV. CONCLUSIONS

L dlys of these theoretical insights, and the development of minia-
M= WGV, IV (26 turized organic field-effect transistors should take into ac-
ST 797 Vgsoonst count the intrinsic limitations we discussed. Moreover, we

In Fig. 5 we plot the variation of the field-effect mobility as showed that the additional assumption of a single-energy trap
a function of the gate voltage obtained from the transcondudevel in the organic insulator can explain recent results ob-
tance methodcontinuous ling The curve was calculated served in organic IFETSs, including the unusual dependence
from numerical integration of Eq23) and using the exact of the saturation current oy and the variation of the effec-

expression foiQsee Obtained from the solution of Eq21).

tive field-effect mobility with the gate voltage.

One sees that the field-effect mobility increases strongly with

increasingVy due to trap filling. At high gate voltages, how-
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