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The field-effect mobility(FEM) in polythiophene(PT) polymer field-effect transistorePFETS
increases with reduced channel lengths during high driving forces across the source and drain,
which is contradictory to the decrease in mobility caused by short-channel effects in amorphous Si
thin-film transistors. The longitudinal electric-fie{dcross source and draidependence of the FE
mobility is believed to create the rise in mobility once the longitudinal electric field exceeds a
critical value of 16 V/cm. The high longitudinal electric field also modulates the influence of the
gate bias upon the FEM in PT PFETs. With increased longitudinal electric field, the correlation
between FEM and gate bias is largely enhanced.2@4 American Institute of Physics.
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INTRODUCTION dence followed a power law, and good agreement between
theory and experiment data was obtained in amorphous poly-
Polymer field-effect transistoréPFETS have received thienylene vinylene and pentacelidn this article, we ex-
tremendous attention lately for their potential application inamine the mobility variation with channel length in
flexible displays and foldable logic using solution- poly(thiophene-2,5-diyl (PT) PFETSs. It is unexpected that
processible polymers. Vacuum-deposited oligomers are Bigher mobility is obtained with shorter channel lengths and
second type of organic semiconductor that has been implext high S/D voltages, which is opposite to the trend in amor-
mented as organic FETOFETS. High channel mobilities phous Si TFT$22due probably to the electric-field depen-
have been demonstrated up to 12¥s for pentacene dence of mobility in organic semiconductors. For higher
OFETs by vacuum deposition of single-crystal active layers|v4 or lower channel length, the superlinear trend in gate
sacrificing flexibility for rigidity.~® Even though reported pias dependence of mobility becomes obvious. Since the PT
channel mobility of PFETs is one order of magnitude lowerysed in this study is noncrystalline, the relationship between
than that of crystalline pentacene, solution-processible polymobility and gate bias is expected to follow the power law.
mers are drawing further interest for their potential to scale
up to cheap reel-to-reel batch processingThe advantage
of solution processibility makes semiconducting polymer
electronics attractive for large-area and low-cost applica-  In this work, PFETs with channel lengths ranging from 7
tions. Research on PFETs has caught up quickly, evepm down to 1um in 1 um decrements have been fabricated
though the first OFETs were based on sublimed oligomefn a coplanar configuration. The active channel is composed
electroactive materials. Already PFETs have been monolithief the conducting polymer, PT. As sketched in Fig. 1, a layer
cally integrated with polymer light-emitting diodéBLEDS  of SiO, with a thickness of about m has been thermally
as drivers’® grown on a piece of Si substrate. This layer of Sfovides
The FE mobility(FEM) is the central figure-of-merit for  electrical isolation between the Si wafer substrate and the
overall current drive capability. Unlike inorganic thin-film rest of the PFET structure. In most published work, the con-
transistors(TFTs), the drift mobility in OFETs are gate and ductive Si wafer serves the dual function of a supporting
source/drain(S/D) bias dependent. It was reported in 1995 substrate and the gate at the same time. The function of the
that in vacuum-evaporated oligothiophene FETs, the FE moSij substrate is different in this experiment where the Si wafer
bility depended upon longitudinal electric fields across theis capped with an insulator, so that a metal gate can be de-
source and drain when the field exceed$\L@m.? Later  posited onto it. Although doped Si is quite conductive, its
work described a gate-voltage-dependent mobility in oligo-conductivity is still a few orders of magnitude lower than
mer and polymer FETE:*' The dependence of FEM on gate that of metal. Using a metal gate can minimize the power
voltage in highly ordered OFETs is not the same as for amordissipated within the gate material itself. A gate mef&l
phous OFETs. Experimental results showed that the FEM\u) was electron-beam evaporated on top of the thermally
was quasilinearly dependent on gate bias in sublimated oliggrown SiG, layer, which isolates the Si substrate and the
othiophene FET&? On the other hand, a theoretical study PFET structure. With the PFET structure in this study, the
found that in amorphous OFETs, the gate-voltage depensubstrate can be glass, or even plastic which is the preferred
substrate material for flexible electronics. The Si wafer is

3 Author to whom correspondence should be addressed:; also at: Departmed®€d On.ly as th_e Support substrate in this gxperiment. Due to
of Physics, Columbus, OH 43210; electronic mail: pberger@ieee.org  the device configuration of our PFET design, the gate insu-
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Inversion ChanneI/ TFTs, and polymer TFTs, which implies that the channel-

: length effect onl pg saturation is device structure rather than
semiconductor material related. The PT PFETSs studied here
can also operate in depletion mode, as in the PFETs based on
poly(3-hexylthiopheng® The PT PFETSs require at least 20 V
gate bias to completely turn the channel off, due probably to
charged residual impurities in the commercial polyrtfeg.

3).

To compare the different sized PFETS, the measured cur-
rentl s was normalized, defined ags/n, with n being the
corresponding number of multiple channels per PFET struc-
ture. Figure 4 shows an increase in the normalizggwith
decreasing channel length. This can be explained by the re-
duction in channel resistance with decreasing channel length.
As the gate voltage decreases, the normalizgddrops for
the increased channel resistance. However, this observation
FIG. 1. Schematjc of_ the upside-down PFET structure with an underlyingq opposite for amorphous Si TFTs. The reduction in drain
metal gate used in this study. . . . .

current with decreasing channel length in amorphous Si
TFTs was due to the increased role of parasitic resistance
Pmpared to the intrinsic channel resistance at low

imensionality> The parasitic resistance decreases with in-
solve this problem, a SiDgate dielectric was electron-beam ¢'€@sed S/D to gate overlabin the oligothiophene FET

evaporated. The thickness of the gate dielectric was 2500 ,@uqy by Tqrsiet aI.,. who also used an unpa.tt.erned. gate,
The tradeoff is that e-beam SjQioes not have as a high similar to this work, it was found that the parasitic resistance

breakdown voltage as thermally grown Sichut it is effec- is more than ten times lower than the total resistance of the

tive enough as a gate insulator here. Interdigitated source aﬁjc?v'ce due to a very_large_ S/D 1o gate oveﬁa‘ﬂnerefor_ez
drain electrodes were defined by standard lift-off photoli-the role of the parasitic resstqnce ShOUIq _be Ie:_;s sen5|_t|ve to
thography. The PFETs had multiple S/D spacings leading t(1')he_ change in channe! length !f th_e paras_|t|c _reS|stance is Iqw
multiple channels, and each channel wasiPs wide. Inter- while the channel re5|stqnce is h|gh, which is true_ for semi-
digitated configurations are widely used in power transistorgondUCtor pglymers. Thls reasoning could explain the In-
to handle large currents generated due to the large gatg_reased dram current in PFETs but decreased current in
width/length W/L) ratio. One of the intended applications amorphous Si TFTs V\{hen. channel lengths are shorter.

of PFETs is to drive PLEDs, which requires an output cur- The chgnnel mobility is extracted froips VerSUSVD,S

rent on the order of milliamperes. The interdigitated c:onfigu—pIOt at varymgVDS. Whgn|VDS|<20 V the PT PFETS W'th_ )
ration is a good choice for high driving power capability. The gll seven sizes exhibit linear behavior. The chgnnel mobll!ty
size of the PFETs is denoted byx (L X n) whereW is the is calculated for each channel length from the linear equation
gate width,L is the gate length, and is the number of w=1psL/CoWVps(Vas— Vin— Vpd/2). (1)
channels. After source and drain contact metal lift-off, the

commercial grade PT was applied in solution fofabout Once [Vpd is increased to over 20 V, the larger channel
0.5% in the solvent xyleneby spin coating at 4000 rpm for transistors enter the saturation region. Ws=—40V, all

30 s. The PT solution was filtered with agdm pore size to PT PFETs with channel lengths greater thap@ achieve
reduce impurity concentrations. The PT PFETs were charadbs saturation. For these cases only, the channel mobility is
terized with an Agilent HP 4156 parameter analyzer using &alculated from the saturation equation

Cascade probe station. =21 el IC o, W(Vs— Vi) 2. )

lator needs to be deposited on top of the gate metal instead §
Si, which prevents the use of thermally grown $iOlo

The data atvps=—10V, —20 V, and —40 V are used to
calculate PT PFET channel mobility, as just discussed, and
The 1 ps—Vpg characteristics were determined with ap- the results are summarized in Fig. 5. The mobility ofuh
plied drain—source voltage ranging from 0 t640 V with  PT PFETs shows the lowest value\4is= — 10V, whereas
gate biases varying from 0 to616 V. The test results showed the mobility of other sizes are slightly higher and similar
a slight deviation in the ys—Vpg relationships from the ex- [Fig. 5a)]. The intrinsic semiconductor material is likely the
pected ideal case. For devices with channel lengths aboverBajor cause of the observed differences. Doped Si has a
um, | ps demonstrates reasonable saturation. Figure 2 showsuch higher conductivity than semiconducting polymers, so
the gradual loss of saturation as channel lengths are reducéaat a PT channel must have a much higher total resistance
from 7 to 1 um in 1 um decrements. Similar behavior was than an amorphous Si channel. Since the channel resistance
observed in oligothiophene OFETs and short-chariB€) is already so high, the effect of contact resistance is likely
effects cause the deviatiSrSC effects were also described masked. Previous Si TFT work showed that by getting rid of
in amorphous Si TFTS **The effect of decreasing channel the S/D series resistance, the apparent FEM was independent
lengths onl pg saturation is observed in Si TFTs, oligomer of channel length®° However, the high polymer resistance
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FIG. 2. Measureds—Vps curves for
Vps Up to —40 V andVgg up to —16
V with channel lengths varied froiia)
7 pmto(g) 1 pwm.

only reduces the effect of S/D series resistance, rather thamobility for PT PFETs with channel lengths 2, 3, anguh
eliminating the effect. The PFETs with 5, 6, angkih chan-

still remains lower than with channel lengths 5, 6, oum.

nel lengths exhibit higher extracted mobilities than smallerHowever, the channel mobility of m PFETSs is no longer
gate lengths. This result is consistent with previous results ithe smallest. It rises to a commensurate level with larger
amorphous Si TFT¥ Reduced channel lengths lower mo- channel lengthEFig. 5(b)]. The extracted channel mobility at
bilities because the S/D contact series resistance has a lardagh Vps(—40V) continues this trend and is even more con-
effect on SC devices. Afps= —20V, the extracted channel tradictory to the previous results in SC amorphous Si TFTs.
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FIG. 3. Measured ps—Vpg curves for polythiophene PFETs operated in FIG. 4. Extracted pg per channel for PFETs with various channel lendths
depletion mode. at differentVgg biases.

Downloaded 21 Jan 2004 to 164.107.160.214. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



1500 J. Appl. Phys., Vol. 95, No. 3, 1 February 2004

Y. Xu and P. R. Berger

influencing the mobility dependence on channel length in

(o]
381 . PFETs. This factor becomes stronger|¥gg increases and
P°'y\}h‘°f’h$3eVPFETs surpasses any SC effects eventually. The high intrinsic resis-
% 207 os = ” A Ii';;l::e' tance of polymers can weaken the effect of S/D contact re-
RS O —a-7um sistance to some extent, but it is difficult to completely can-
§ 241 @//3 TS Gem cel the contact resistance effect. The intrinsic resistance of
o §><Q\ / —-V—4':lm polymers is also not likely to change wilfys at a set gate
X 1.81 §/ / :‘.’:gﬁg bias. However, the longitudinal electric field changes propor-
2 é y P tum tional to Vpg. It is known that the drift mobility in many
1.2 "’—”—’/ organic materials exhibits an electric-field dependence, al-
5 o B 12 18 20 though the origin of the field-dependent mobility is not quite
V. (V) clear as yet. The drift mobility increases significantly when
Gs the longitudinal electric field across source and drain exceeds
(2) a critical value of 100 kV/cni.By dividing the appliedVps
with the channel length, it is easy to determine tha¥/gt
4.8+ =-—10V, only the PFETs with Zum channel lengths are at
Polythiophene PFETs the edge of this high longitudinal electric field. MD;: .
4.0 V, = -20V Channel —20 V t.he 1lum PFETs measurgd here have a Ilongltudlnal
» length electric field of 200 kV/cm, so their channel mobility is more
NZ —O—7um greatly influenced by this high field than other sized PFETSs.
£3.2- 7 :Z:gﬁﬁ The 1 um PFETs acquire a 400 kV/cm longitudinal electric
° ] D , —v—4um field at Vps=—40V, and the corresponding 2m devices
2 yal o— T / / e have 200 kV/cm at this bias. The very high longitudinal elec-
= /5% —p— 1um tric field explains why 1 and 2um PT PFETs possess the
] highest and second highest extracted channel mobility at
1.6 Y - T - g Vps=—40V, respectively. It is interesting to note that even
0 4 8 A2 18 <20 when the longitudinal electric field is slightly higher than
v s V) 100 kV/cm, the shortest channel PFETs still have lower
b channel mobilities than longer channel PFETs. Only when
the longitudinal electric field reaches a sufficiently high
Polythiophene PFETs value (=200 kV/cm will the mobility of the SC_ PFETS rise
7.2 V, =-40V ,———> Channel above longer channel PFETs. These results indicate that the
" 'jgg_‘“7 " increasing longitudinal electric field gradually cancels out
@ 601 —o—6um and eventually surpasses any SC effects.
NZ . :@:j“$ Finally, it is observed that the channel mobility can also
§ 481 .%é —o— Stm increase with increasing gate bias. The gate bias dependence
"o 36 ‘/A% :::fm of mobility has already been reported in pentacene and a
X ?GZB///’ series of oligothiophenes. The gate bias may have the effect
= 2.4 Z %3/9 of lowering the activation barrier for carrier hoppitfyAn
: ;9/ alternative explanation for the gate-voltage dependence of
124 Y . , . . , the mobility would be related to the charge concentration,
0 -4 -8 12 16 -20 which increases with the gate voltatfeAs already men-

Vas (V)
(c)

FIG. 5. Calculated channel mobility dependence on gate bias at vafjpus
biases for PFETs with different channel lengtte.Vps=—10V, (b) Vpg

=-20V, and(c) Vpg=—30V.

tioned in the introduction, for amorphous organic transistors,
the gate bias dependence of mobility follows a power law
MEE= avé , and the expressions for constanand exponent

B can be found in Ref. 11. The semiconductor layer in this
work was an amorphous PT film spin coated from solution,
and the mobility data obtained fits a power law. However, the
degree of fitting seems to be different for PFETs with vary-
ing S/D bias ¥pg) and channel lengths. It appears that at

As illustrated in Fig. %c), the PFETs with 1um channel higher|Vpg, the channel mobility is more sensitive to the
lengths now have the highest extracted channel mobilitygate bias and therefore their extracted channel mobility fits
which is above the mobilities for longer channel PFETs. Inthe power law theory more clearly. In other words, the mo-
addition, at this drain bias, PFETs withy@n channel length  bility becomes more strongly gate bias dependent with in-
have the second highest extracted mobility. However, thereasing longitudinal electric field. Therefore, this work il-
extracted channel mobilities of the remaining sized PFET3$ustrates that the longitudinal electric field also modulates the
are closely spaced and indistinguishable. dependence of channel mobility on gate bias.

Based on the comparisons shown in Figs),55(b), and By fitting the mobility and gate bias data into a power
5(c), it is clear that some factor other than S/D resistance isaw, the exponent, which is related to the operating tempera-
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ture and activation energy for carriers to hop according tadue to SC effects. Nevertheless, short channel effects do re-
Ref. 11, can be obtained. A threshold voltage is included irsult in the lack ofl pg saturation in PT PFETs with channel
the fitting process to justify the factor that wh¥gs=0V, lengths lower than gum. The relationship between FEM and
the FETs are actually on. The threshold voltage was detegate bias follows a power law in amorphous PFETSs. A final
mined by plotting the square root of the saturation current ofliscovery in this study is that the high longitudinal electric
Ié’é versusVgs. An average threshold voltage of 68 V is field enhances the dependence of FEM on gate bias.
obtained and used in the power-law fitting. Since the whole
process of sample preparation and characterization was IRcKNOWLEDGMENTS
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