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Abstract

Using 70nm thick spin-coated film of newly synthesized oetatl substituted copper tetrabenzotriazaporphyrin
(10CuUTBTAP) as an active layer on a highly doped silicon jldéte electrode substrates, output characteristics
and transfer characteristics of bottom-gate bottom-@brgeganic thin film transistors have been measured at room
temperature. A compact model for thin film transistors hasnbemployed as a part of circuit design tool to extract
device parameters such as the charge carrier mohilithe threshold voltag® and the contact resistances. Parallel
measurements and analysis were performed on similarlytreasd devices with a copper phthalocyanine analogue
(10CuPc). The results reveal that the 10CuPc layer is velgtmore susceptible to trapping degradation near the gate
region than a 10CuTBTAP layer, which is significant in ordeathieve stability in these transistors. The application
of the simple square law in the classical MOS model providesieker but approximate interpretation of the transistor
performance without providing information on the gate agk dependence of mobility and the effects of the contact
regions. In this comparative study, the analysis of the aintegions is found to be very important for determining

the difference in the performance of two transistors.
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|. INTRODUCTION

The field of organic thin film transistors (OTFT) has stimathintense research interest for their low cost potential
applications in large area displays and sensors [1], [24aBic materials that are useful for these techniques are
generally aromatic compounds [3], [4]. Our particular egsé utilizes metallated phthalocyanines that bear eight
aliphatic chains that promote solubility in spreading siols used for thin film formulations [5], and more recent
advancement is the synthesis of closely related tetraleazaporphyrins (TBTAPS) molecules. These compounds
differ from phthalocyanines in that one of the central ririgagen atoms is replaced by a carbon atom [6]. This
therefore extends the range of compounds available forcdeapplications. Dao el al. [7] reported beneficial
properties of one of these compounds, a metal-free octalsestituted tetrabenzotriazaporphyrin, GBTAP
for high performance small molecule solar cells and alstizatl the range of related compounds in which ring
nitrogens were replaced systematically by carbon atomsN@ltal phthalocyanines and TBTAP derivatives are
photosensitive materials. In PdPc phototransistors, b ingrease of the photosensitivity;u.m /Li.rk) has been
observed studying the effect of the contacts [9]. The studiheir electrical characteristics is thus necessary. The
characteristics of bottom-gate bottom-contact OTFTs widnm thick films of solution processed 6NiTBTAP and
its phthalocyanine analogue, 6NiPc, as active layers acogilsubstrates has been recently reported [10]. They
found, on the basis of the classical square law analysis,ttiea6NiTBTAP films exhibit superior characteristics
in terms of greater saturation of hole mobility, higher dhfatios and lower threshold voltage.

The analysis of the output characteristics of transistoith Whe ideal MOS model is widely spread among
researchers as it provides a quick picture of the transpgoiormance. Nevertheless, significant efforts have been
spent in recent years to include the charge transport inn@rggemiconductor, which is clearly different from the
transport in crystalline semiconductors, and is usualldeted with a gate-voltage dependent mobility [11], [12],
[13], [14], [15]. They can also include detrimental effept®duced by the contact region of the organic transistors
[16], [17], [18], [19]. These models are also associatedwitethods to extract their respective parameters from
the output characteristics of a transistor.

In this work, we compare the electrical performance of twd=03 fabricated with octadecyl substituted copper
tetrabenzotriazaporphyrin (10CuTBTAP) and copper phitanine analogue (10CuPc) (Figure 1). A compact
model is employed for the analysis of the current-voltagaratteristics of OTFTs, which includes the effects
of the contact regions and an electric field dependent nipli0]. This compact model is accompanied with a
parameter extraction method for the model parameters andrtin-current vs. contact-voltagéy— V) curves.
Apart from extracting these curves, the analysis of thewian of the Ip — Vi curves at the contact with the
applied gate voltage provides a way to detect local noneamiities such as traps. This kind of characterization is

very important in OTFTs in order to analyze the device siigbibne of the main challenges in organic devices. Brief
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Fig. 1. Active semiconducting materials analyzed in thekwar copper phthalocyanine bearing eight decyl chainesuP@Cand a similarly
substituted copper tetrabenzotriazaporphyrin denotetD&siTBTAP.

descriptions of device fabrication and measurement teciesi are given in Section Il. In Section Ill, we describe
the tools that are used to characterize the OTFTs: (a) a prapdel for the output characteristidsy — Vp of

a transistor, (b) a proper model for the current-voltageattaristic in the region close to the contakt, — Vi,
and its incorporation in the output characteristics modat] (c) an extraction method of the, — V¢ curves at
the contact and the rest of the model parameters out of thatires combined model. Finally, the results of the

comparative study are discussed in Section IV.

II. EXPERIMENTAL METHODS

Bottom-gate, bottom-contact OTFTs were fabricated ondmatgltrichlorosilane treated 250nm thick SiQate
insulator on the highly doped (resistivity 1 to @cm) Si (110) substrate. 70 nm thick spin-coated films of
the two macrocyclic compounds 10CuTBTAP and 10CuPc werel asethe active semiconductor layer onto
photolithographically pre-patterned 200nm thick goldrseudrain electrodes in an interdigitated configuratiothwi
channel lengthl = 5 pm and channel widthv = 2 mm. The full protocols of the substrate cleaning, electrode
deposition and surface passivation were given in a prevpudication [5]. The electrical measurements were
performed at room temperature in air under ambient conditiasing a Keithley 4200 semiconductor parameter

analyzer.

IIl. RESULTS

The comparative study of the two transistors under testiigfiad with a brief analysis of their output charac-
teristics with the classical MOS model. This is done with & of highlighting the importance of using a proper
model for TFTs. The output characteristics of the 10CuPc B01WuTBTAP OTFTs are represented with symbols

in Figure 2(a) and (b), respectively. A first estimation of tralues of the carrier mobility and the threshold voltage
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of these transistors can be obtained with the ideal MOS model
Ip =—k[(Vg —Vr)Vp —V3/2), Vp < Vg — Vr
@
Ip = —k(Vg —Vr)?/2, Vp > Vg — Vr

where the source terminal is assumed groundigdis the gate-terminal voltagé/y is the drain-terminal voltage
or voltage drop between the drain and the source termikals, wC;u/L, and C; is the capacitance per unit
surface of the oxide(”; = 14 nF/cnt. The values ofc and V- can be extracted from the, — Vp curves in the
saturation regime atp = —45 V by using (1). The result i& = 6.7 x 1072 A/V2, = 1.2 x 1075 cm?/Vs and
Vr = 67 V for the 10CuPc OTFTs anél = 1.7 x 10~ A/V2, 1 = 3.1 x 107% cn?/Vs andVr = 39 V for the
10CuTBTAP OTFTs. Introducing these values in (1), the shifids in Figure 2 are obtained. From the comparison
of experimental data and the numerical calculation, it eaclthat values of these parameters are abnormal, only
the experimental values in the saturation are reproducéd twe ideal MOS model. The triode region is clearly
affected by other effects not included in the ideal modethsas the effect of the contacts. The applied voltage
between the drain and source termintls can be split in the voltage drop along the intrinsic chanigh plus
the voltage drop along the contact regigyn = V¢ (Figure 2(d) in [20]). The extracted threshold voltage is\ily
influenced by the contact effects. A simple estimation of @@rage value for the contact voltageVs > can be
done by modifying the value of the threshold voltage and ta&iimg the previous values df in order to fit the
linear region. If we use in (1) the valuér = V. — < Vs > whereV. is the value of the threshold value of each
transistor obtained above ardVs > is an average value of the contact voltageWs >= —50 V for the 10CuPc
OTFT and< Vg >= —7 V for the 10CuTBTAP), the result is seen in dashed lines irufgg.

With this modification of the threshold voltage, the idealdab(1) reproduces the triode region but not the rest
of the output characteristics. Thus, a model that incofesrthe effect of the contacts and a non constant mobility
is necessary [11], [21], [22]. We use a generic charge driftleh [11] which includes the voltage drop at the source

contact {s = V) and an electric field dependent mobility= 1, (Ve — V)

In (Vo =Vr—Vs)""— (Vo — Vo —Vp)"™*?
ke y+2
ko = poCiw/L (2)

where~ is the mobility enhancement factdr, = wC;u,/L andpu, is the mobility-related parameter, its dimension
is expressed as citfV!*7s). In order to provide a single value for the voltage depahd®bility, the mobility is
evaluated al/gr = Vg — Vr = 1 V [11], thus u(Var = 1V) = p, in cm?/(Vs) or k(Var = 1 V)=k, in AIVZ.
This model reflects the fact that the voltage drop at the drairtact is small in comparison to the voltage drop at
the source contact [23]. Also, this method is especiallyfuisghen combined with a characterization technique to
extract its parameters. This is the so callé¢t function [11], [24], defined as:

Ve
Hye(Vg) = /v Ip(Va)dVe /In(Ve). 3)
<Vr
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Fig. 2. Comparison of output characteristics measuredfareint gate voltage$ in (a) 10CuPc and (b) 10CuTBTAP OTFTs) with the
ideal MOS model (lines)V¢ is swept from 0 to -40 V with a -10 V step in (a) and from 0 to -50 thaa -10 V step in (b)y = 1.2 x 106
cm?/Vs and Vi = 67 V (solid lines) orVir = (67 + 50) V (dashed lines) for the 10CuPc OTFTis= 3.1 x 10~% cm?/Vs andV = 39 V
(solid lines) orVp = (39 + 7) V (dashed lines) for the 10CuTBTAP OTFTs.

The Hy ¢ function can be evaluated in the linear and saturation mddethe saturation modéfy ¢ is linear
with Vi [12]:

va(VG) = (VG —Vr - Vs)/(’y + 3) (4)

In the derivation of the functiort/y ¢ in the saturation regime (4), the drain currdpt (2) is introduced in (3).
For simplicity and characterization purposes, the valuthefcontact voltag®’s is assumed constant (althoubh
is a function oflp andVg, Vs = Vs (Ip, Viz)). A value of Vs appropriate for use in (4) may be the average value of
the contact voltage evaluated over the different gate geltaand drain currentgs ~< Vg > = < Vs(Ip, V) >.

The relationVs(Ip, Vi) can be extracted from experimental data and (2) if the paensve &, andV are known:

Vs = Vi — Vip
—[Ip(y +2)/ko + (Vg — Vp — Vp) 12|/ (+2) (5)

As the relationVs(Ip, Vz) is not known a priori, an initial estimate fdfs ~< Vs > must be provided. In
previous works [20], [25], [26], we proposed a method to @sttfrom experimentall(; — Vp) curves the parameters
of this model (2) and the voltage drop at the contast- V. The method begins with the initial estimation 16§
in order to extract/ and~ from (4). OnceV and~ are determined from (4), the value bf is still unknown.

Thus, different values of, are tested and introduced in (5) to find the relafi@n— . The way to know whether
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the set of values for the OTFT parameters is correct is byeictapg this relationVs — Ip. This relation must
make physical meaning, and the average value of the contétege obtained from this relatioris — I, must be
consistent with the initial guess value af Vg >. Otherwise, a new value of the averagel@f must be inserted
in (4) and the process must be repeated until these consliion fulfilled.

It is observed experimentally that output characteristiesasured in OTFTs with contact effects show linear or
quadratic behaviors at low drain voltages [18], [25]. Tliere, the/p — Vs relation can be approximated by the

respective relations:

Vs = IpRe (6)

Ip = McV2 (7)

They are simple expressions as they depend only on one p@maie or M. These expressions are theoretically
justified by a previously proposed model that considersctiga and transport of charge in organic diodes [19],
[27], [28], [29]. In the cases analyzed in Figure 2, a lingantl is observed in the triode region. Thus, a linear
Ip — Vg relation should be obtained after introducing in (5) theexkpental data and the proper valueslaf, -,

Vs andk,.

This method is applied to th& & function extracted from transfer characteristics measinghe 10CuPc and
10CuTBTAP OTFTs al/p = —45 V (crosses in Figure 3). After fitting the experimentd . function with (4),
the following values resultt + Vg = 18 V andy = 1.5 for the 10CuPc OTFT anliy + Vs =23 V and~y = 1.6
for the 10CuTBTAP case. Then, the values of the paraméierand k, are iteratively modified and introduced in
(5) until linear Ip — Vs curves are obtained. The result is represented with crassegjure 4 using the values
@Vr =38V, Vo =20V, k, = 4.0 x 10713 AV2, p, = 7.2 x 1078 cm?/Vs and~y = 1.5 for the 10CuPc
OTFT and (b)Vr =43V , Vg = -20V, k, = 1.2 x 10713 AIV2, 1, = 2.2 x 10~® cm?/Vs and~y = 1.6 for the
10CuTBTAP OTFT. As shown in Figure 4, the contact voltd@evaries between 0 and -40 V. The valug = —20
V used in (4) can be considered as the average value. Thelsw&l are linear fittings in which the inverse of
the slope determine the value of the contact resistance asdidn of the gate voltageRR(0 V)=7.5 x 108 Q,
R(-10 V)=7.5 x 108 Q, R(-20 V)=8.6 x 10® Q, R(-30 V)=9.9 x 10® , and R(-40 V)=9.9 x 10® Q, for the 10CuPc
OTFT; andR(0 V)=11.3 x 10® Q, R(-10 V)=6.1 x 10® Q, R(-20 V)=5.4 x 10® ©, R(-30 V)=5.7 x 10® €, R(-40
V)=5.5x 102 Q, R(-50 V)=4.9 x 108 , for the 10CuTBTAP OTFT. Introducing the values of all theseameters in
the compact model (2), including the contact effects (6,4blid lines of Figure 5 are obtained. A good agreement
with the experimental data is achieved.

In order to show the sensitivity of the method, we considéedint values of:, in both transistors and determine
the newlp — Vg relation from (5). Maintaining the values &f, Vs, and~ in each transistor but exchanging the
values ofy,, of both transistors, the resulting, — Vs curves are depicted in Figure 6. We observe howlthe Vg
relations move away from a linear trend losing their phylsimaaning. A similar situation can be observed when

the values of other parameters are changed.
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Fig. 3. Hy ¢ function extracted from transfer characteristics meabaté’, = —45 V in (a) 10CuPc and (b) 10CuTBTAP OTFTs (symbols).
The solid line is the fitting with (4) usindg’r + Vs = 18 V and v = 1.5 for the 10CuPc OTFT andl'r + Vs = 23 V and vy = 1.6 for the
10CuTBTAP case.

IV. DISCUSSION

The results of the electrical characterization show thatttineshold voltage in both transistors is very similar but
the charge-carrier mobility in the 10CuPc material is foorets as much as in the 10CuTBTAP material. The drain
current does not follow the same relation as the mobilityngpesmaller in the 10CuPc transistor for gate voltages
V| > 10 V. Only at gate voltage$Vz| < 10 V, the drain current is higher in the material with higher rifith
The reason of this behavior is explained with the contaaot$t On average, the contact voltage is around -20 V
in both transistors, as seen in Figure 4. This average vasebben useful as a way to determine the rest of the
parameters of the model, in particular the values of theaminesistance extracted from the slope of ie- Vi
curves at the contacts. The contact resistance is highbeid@QCuPc transistor and increases with the gate voltage.
This makes the current density to be smaller, despite hasfrtgined a higher mobility in the 10CuPC transistor.
The high effect of the contact on the drain current for the dB€transistors clearly opposes the effect of a higher
mobility. The analysis of the experimental data with theald®lOS model shows that the mobility is higher in
the 10CuTBTAP transistor. With the ideal model, the mopibind the threshold voltage are the only parameters
that allow interpreting the higher value of the current digmig this transistor in comparison with the 10CuPc one.
However, we have seen that the inclusion of the contacttsffean reverse this conclusion and obtain a lower value

of the mobility despite the higher current densities.

A further discussion about the values of the contact resigt@an be made if we consider the variables it depends

on. The contact resistance is proportional to the mobijlitgnd the charge volume density,,;..; in this region:
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Fig. 4. Current voltage curves at the contact extracted ff®yrusing the experimental output characteristics at wdiffe gate voltages and the
parameters (@) =38 V, Vg = =20V, pog = 7.2 x 10~8 cm?/Vs and~ = 1.5 for the 10CuPc OTFT and (by; = 43 V, Vg = —20

V, po = 2.2 x 1078 cm?/Vs and~ = 1.6 for the 10CuTBTAP OTFT. The solid lines are linear fittingsitprovide the value of the contact
resistance.
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Fig. 5. Comparison of measured output characteristics (@) and measured transfer characteristics [(c), (d)]@€dPc and 10CuTBTAP
OTFTs (x) with the compact model (2) (solid lines). The calculatianslude the contact effects and the values of the paramsteran in
Figure 4.V is swept from 0 to -40 V with a -10 V step in (a) and from 0 to -50 Vthaa -10 V step in (b), from top to bottom.
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Fig. 6. Current voltage curves at the contact extracted ff®yrusing the experimental output characteristics at wdiffe gate voltages and the
parameters (@) =38V, Vg = =20V, o = 2.2 x 1078 cm?/Vs andy = 1.5 for the 10CuPc OTFT and (B)r =43 V, Vg = —20
V, po = 7.2 x 1078 cm?/Vs andy = 1.6 for the 10CUTBTAP OTFT. The solid lines are the linear fitingf Figure 4.

1/RC == qucontactﬂ/xc == O—contactwﬂ/xc (8)

where S is the is the cross section of the channel where curfgnflows, ¢ is the contact length an@.o.iqact

is free-charge surface density. The cause of the low coilycdf the contact region can thus be attributed to a
lower mobility or a lower charge density in comparison tosha@t the intrinsic channel of the transistor. In [30],
the path that the current follows from the contact towar@sdbnducting channel is modeled with lower mobility,
attributed to an anisotropic mobility.

The parameteR is expected to depend on the gate voltage, as many expesitnard shown the dependence of
the Ip — V- curve at the contacts with the gate voltage [16], [17], [3b].describe this dependence, we analyze the
two regions of different conductivity distinguished alothge channel of the organic transistor [23], [32], [33]: the
low conductivity region close to the contact defined by treefcharge surface densiy,,tact = 2o/ (wuRe) and
the high conductivity region in the intrinsic channel defifgy its counterpart free-charge surface-density, usually
expressed as [3% hannet = Ci(Ve — V). The free charge density in the contact region can be comsides a
fraction of the last onet ontact = Tchannet/ K . Although K is an undetermined constant, there is no physical reason
to believe that the mobile charges in these two adjacenbmsgstart appearing at very different gate voltages, or
follow very different trends, unless local nonuniformgti@ere present just at the contact region. Theretafg,:q.
can be assumed proportional &z — V). Introducing this dependence and the gate voltage depeadsthe

mobility 1 = (Ve — V)Y in ocontact = To/(wuRe), we can write



10 IEEE TRANSACTIONS ON ELECTRON DEVICES

10CuPc

O =2 N WO

Ve (V)

. 10CuTBTAP

)

&o—\mc.o.hcnov

0 0 50
Ve (V)

1/RC[1/(1+y)] S+ 104 1/RC[1/(1+V)] (3[1/(1+v)])x1 04

Fig. 7. Extracted values df/R¢ (circles). The dashed lines show the trend thaR< would follow according to (9). In the 10CuTBTAP
case, the extrapolation of the data at low gate voltagesceyées with theV-axis at close tol’r = 43 V. The deviation from this trend at
more negative voltages can be explained by trapping effastde the organic material.

1/Re = (Vg — Vy)H 9

whereq; is a constant.

Figure 7 shows with circles the values df R~ obtained in the analysis of the 10CuPc and 10CuTBTAP
transistors. The dashed lines show the trend th#@ should follow according to (9), in which the presence of
local nonuniformities just at the contact region are igdota the 10CuPc transistor, the contact resistance is almos
constant, not following (9). In the 10CuTBTAP transistte textrapolation of the data at low gate voltages intercept
with the V;-axis at close td/; = 43V, following this trend. The deviation from this trend at rearegative voltages
can be explained by trapping effects inside the organic maht&rom this analysis, we can deduce that the 10CuPc
transistor is highly affected by trapping in degradatioduced defects. The 10CuTBTAP transistor, although not

completely free of them, is less sensitive to these indueddatis or traps.

V. CONCLUSIONS

A comparative study between two organic thin film transisfabricated with different organic materials (10CuPc
and 10CuTBTAP) has been made with the aim of finding the be$bymeance. Output and transfer characteristics
have been measured in both transistors and a parametectmxirprocedure has been used in order to determine
the values of the threshold voltage, mobility and curresitage curves at the contacts. A less precise procedure

(ignoring contact effects) has also been employed to détertihe values of the mobility and threshold voltage.
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They point out the presence of anomalies. Neverthelesg nhest be interpreted with more precise models. In this

regard, we highlight the analysis of the evolution of thetachresistance with the gate voltage. This analysis has
been fundamental to detect more contact effects in the 10@ualAsistors produced not only by an increment of

the contact resistance but also by the presence of moretslefethe contact region, which can lead to a loss of
stability in the OTFT.
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