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A possible relation between a thin-film microstructure and an organic thin-film field-effect transistor
(OFET) behavior is discussed in terms of nonlinearity in the extraction of the device electrical
parameters. Staggered source and drain electrode OFETs were fabricated using a soluble precursor
form of the organic small molecule semiconductor tetrabenzoporphyrin, and characterized using
linear and nonlinear best-fit methods. Linear best-fit models overestimated the field-effect mobility
and accumulation threshold voltage when compared to a nonlinear best-fit model that accounts for
dispersive charge-carrier transport. The deviation between the methods is found to be consistently
less than that for polymer OFETs, as indicated by smaller nonlinearity factors of y=1.2 and 1.7 in
the linear and saturation regimes, respectively. The nonlinear field-effect mobility exhibits a
sublinear gate-bias dependence wherein the mobility increases at a slower rate in strong
accumulation than near threshold. Furthermore, nonlinear curve fitting indicates lower trap
characteristic temperatures as compared to polymer OFETs, and a relatively moderate density
of grain-boundary trap states localized at the dielectric interface and in the bulk to be filled

before accumulation-related conduction dominates. © 2005 American Institute of Physics.

[DOL: 10.1063/1.1949713]

I. INTRODUCTION

Organic field-effect transistors (OFETSs) utilizing soluble
organic semiconductors, in addition to their potential in low
temperature, large area, flexible, and low cost electronics,
provide a versatile means for studying the electronic behav-
ior of organic semiconductor thin films.'™ This behavior is
directly dependent upon the morphology of the thin film.
Typically, however, crystallinity is sacrificed for solubility.
Thus the majority of soluble organic semiconductors have
been polymers; thin films of organic small molecules, with
higher orders of crystallinity, are formed using thermal
evaporation. A relatively recent focus in OFET research has
been the development of soluble organic small molecules
with electrical performance matching or exceeding OFETs
with evaporated thin films, including pentacene and
thiophenes.“_8 By utilizing precursor forms of the small mol-
ecule, amorphous and insulating thin films can be deposited
from solution, then activated to form thin films with a high
degree of crystallinity. In particular, porphyrins are a class of
organic small molecules that have demonstrated excellent
OFET performance from both evaporated and solution-
processed thin films.”"® The well-studied nature of porphy-
rins and closely related phthalocyanines in biochemistry pro-
vides a promising framework for future enhancements to
organic electronics based on these molecules.'

Charge-carrier transport in low-mobility organic solids
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has been described in terms of localized, dispersive
mechanisms,le19 wherein the transit time of the charge car-
riers cannot be clearly defined. An injected pulse of charge
carriers will smear in the presence of an electric field, pro-
ducing a current with a measured power-law time depen-
dence. This localized transport in the channel region pro-
duces nonlinear OFET behavior due to gate-bias-dependent
charge-carrier field-effect mobility.zo_22 Analytical methods
for addressing such nonlinearities in transistor characteriza-
tion have been developed for hydrogenated amorphous sili-
con thin-film transistors (a-Si:H TFTs)** and applied to
OFETs utilizing organic polylllers.26’27 In this work we apply
the methodology to solution-processed, polycrystalline tetra-
benzoporphyrin OFETs and find that, in accordance with
amorphous semiconductor theory, the degree of nonlinearity
is related to the thin-film microstructure and density of states
of the organic semiconductor.

Il. EXPERIMENT

Top and schematic views of the devices used in this
study are shown in Fig. 1. OFETs were fabricated with in-
verted, unpatterned gate electrodes and staggered source and
drain electrodes. Heavily doped n-type (0.008-0.02 ) cm)
crystalline Si (c-Si) wafers served as a mechanical base and
gate electrode. The wafers comprised a 100-nm thermal ox-
ide layer to function as the gate insulator with a measured
capacitance per unit area C;=24.5 nF/cm?. The substrates
were cleaned by washing in acetone and isopropyl alcohol,
followed by a 20-min exposure to UV/ozone, a 20-min soak
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FIG. 1. (a) Top view of a TBP OFET displaying the polycrystalline thin film
and source and drain electrodes. The chemical structure of the TBP molecule
is also shown. (b) A schematic view of the staggered source and drain
electrode configuration used in this study.

in 200 proof reagent ethanol, and drying in a stream of
N, gas. After drying the cleaned substrate, 1,4:8,11:15,
18-22,25-tetraethano-29H, 31 H-tetrabenzo[ b, g,1,qJporphine
(CP) (0.7% weight in chloroform at 55 °C) was spun cast
onto the thermal oxide at 1000 rpm for 30 s to form amor-
phous, insulating thin films. The amorphous thin films were
then converted to a 120-nm-thick film of tetrabenzoporphy-
rin (29H,31H-tetrabenzo[b.g,1,q]porphine, or TBP)'>*7" py
heating at 210 °C for 5 min in a N, atmosphere. When
added to the TBP molecule to form CP, the volatile hydro-
carbons greatly enhance the solubility of the small molecule.
Removal by thermal annealing leaves the polycrystalline, but
insoluble, TBP thin film (Fig. 2). Following thermal anneal-
ing, interdigitated source and drain electrodes were formed
on top of the converted film using slow thermal evaporation
of 40 nm of gold through a stencil mask under high vacuum
(<0.3 A/s at ~107° Torr). Gold was selected for the source
and drain electrodes because its work function (5.1 eV) has a
small offset from the highest occupied molecule orbital
(HOMO) level in TBP (5.2 V), and is relatively resistant to
oxidation. Staggered source and drain electrode devices were
used so that the thin-film morphology was not disturbed by
the presence of electrodes on the gate insulator surface. For
the devices discussed here, W=12 mm and L=22.5 um,
where W consisted of 20 digits of W' =600 um each; a large
L was used to avoid field-effect mobility and threshold volt-
age dependence on the channel length. Furthermore, a stag-
gered and interdigitated source and drain electrode configu-
ration reduces the likelihood of large, nonlinear source and
drain series contact resistances by presenting as large a con-
tact area to charge carriers as possible.‘”g’2 It has been shown
for a-Si:H TFTs that nonlinearity factors may be calculated
erroneously if the source and drain series contact resistances

Amorphous CP Polycrystalline TBP
FIG. 2. A STEM bright-field image of an amorphous CP precursor film and
a thermally annealed, polycrystalline TBP film.
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are signiﬁcant;33 moderate contact resistance was confirmed
here by the transverse line method. All fabrication, except for
thermal evaporation and thermal annealing, were performed
in ambient laboratory conditions.

To examine the crystal structure of TBP thin films, scan-
ning transmission electron microscopy (STEM) samples
were prepared by dropcasting precursor solution onto copper
grids, followed by thin-film conversion to TBP, and sand-
wiching to an amorphous carbon substrate. Samples were
then analyzed using a Philips CM-12 scanning transmission
electron microscope for crystallography and imaging. An ex-
ample of a polycrystalline TBP film is shown in the bright-
field image in Fig. 2. CP films displayed amorphous morpho-
logical features, but once converted, TBP films displayed
distinct needle-shaped crystallites and electron-diffraction
properties. The crystallographic properties of TBP, and their
possible effects on device performance have been examined
previously.n’30

For reviews on the operation of accumulation mode,
p-channel OFETs, we refer the reader elsewhere.*?%** Mea-
surements were performed under ambient laboratory condi-
tions and in the dark, and were made using a Hewlett—
Packard 4156A semiconductor parameter analyzer controlled
by ICS METRICS software. Prolonged exposure to ambient
conditions was found to increase the off-state current and the
subthreshold slope.35 Therefore, between tests, devices were
stored under nitrogen and at room temperature, and rean-
nealed before testing using the aforementioned heating pro-
gram. The gate-source bias is defined henceforth as Vg, the
drain-source bias as Vpg, the accumulation threshold voltage
as V7, and the current measured at the drain as Ij. Transfer
characteristics (Ip—Vgg) were measured from the on-state
(Vgs < Vy) to the off-state (Vgg> Vy). Output characteristics
(Ip—Vpg) were measured from low drain bias (|Vpg|=0) to
high drain bias (|Vpg|>0). The gate electrode was biased
through electrical contact to the wafer backside with indium
gallium eutectic, and the source electrode was biased as com-
mon for all measurements. The gate leakage current was neg-
ligible for all applied Vgs. The results presented here are for
one device, chosen from a wide selection that behave
similarly.

lll. EXTRACTION METHODS

Methodologies for linear and nonlinear extraction meth-
ods have been described elsewhere in detail,25727’36 and are
summarized here for reference in the context of the presented
results.

A. Linear best fit

The gradual channel approximation of the drain current
relation for a p-channel metal-oxide-semiconductor field-
effect transistor (MOSFET) gives37

w
Ip=- Z,U«FECi[(VGs = V1) = Vps/2]Vps, (1)
where W is the channel width, L the channel length, upg the

charge-carrier field-effect mobility, and C; the gate insulator
capacitance per unit area. In c¢-Si MOSFETs where the
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gradual channel approximation is valid, this relation accu-
rately describes the relationship among Ij, the electrode bi-
ases, and the device structure. Furthermore, the threshold
voltage can be calculated based on the gate electrode mate-
rial and insulator thickness, and doping concentration of the
c-Si. Organic semiconductors are typically intrinsic and non-
crystalline. Thus V; and upg are unknown values dependent
upon several factors, and cannot be easily calculated. When
|Vbs| <|Vgs— V7], the FET is considered to be in the linear
regime, and Eq. (1) simplifies to

. W ,
Iy=- z:ui:l]riici(VGS = Vi") V. (2)

By plotting 1};“ vs Vg on a linear scale, V; and upg are
determined by calculating the x intercept and slope of the
line that best fits Ill')" in strong accumulation, respectively. In
the saturation regime with Vpg=Vgg, the drain current rela-
tion simplifies to

Iy'=- %M;%Ci(VGS - Vi 3)
Similar to extraction in the linear regime, a line is assumed
to accurately fit \J@ in order to calculate V; and ppg.

These simplifications assume that the gradual channel
approximation is accurate over a broad range of gate bias,
which has been shown to be typically untrue in OFETs due
to nonlinear behavior in the transfer characteristics.”>** The
extracted V; and wpg may vary significantly for the same
device depending upon the voltage range taken for the linear
best fit. This considerably subjective method complicates ac-
curate reporting of device electrical performance. The values
determined here were calculated as follows. Values of I, (or
\/m in the saturation regime) larger than 90% and less than
10% of the I, (or \e"m) measured at Vgg=—40 V were re-
moved from consideration, thereby eliminating device tran-
sient effects related to initiating the measurements, as well as
subthreshold. The first-order line that best fit the remaining
data was then used to calculate V; and .

B. Nonlinear best fit

The presence and shape of a mobility edge in the density
of states near the conduction- and valence-band edges in an
amorphous material lead to the interpretation of charge trans-
port as a dispersive process]5’16 wherein an injected pulse of
charge carriers will spread out between the injecting and ex-
tracting points under the influence of a constant electric field.
Thus, the transit time between the two points, such as the
source and drain electrodes of an OFET, is then defined by a
power-law time relation. In the linear regime, this nonlinear-
ity is introduced by an exponent vy affecting VGS:25

in w in in
Iy=- ZMIFEoCi(VGS - Vi Vps. 4)

where ,u,ggo is a modified field-effect mobility fitting param-
eter with units of cm?/V7s, rather than cm?/V's. The Y,
upn, and Vy terms are calculated by fitting Eq. (4) to the
linear regime transfer characteristics. Furthermore, Eq. (4)
can be rewritten as
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w in in
Ip=- Zﬂl}:E(VGS)Ci(VGS = V7')Vs, ®)
where
/ng(VGS) = MEII:ZO(VGS - Vle)y_] ) (©)

Similarly, the y term is incorporated into saturation regime
operation:
. w

sat Ci(VGS_ VsTat)yH’ (7)

al
D (y+ I)LMFEO

which can be rewritten as

w
Iy'=- (‘}"l'—l)L/‘l’;%(VGS)Ci(VGS - V2, (8)
where
miE(Vas) = mrgo(Vos — Vi) ©)

For a-Si:H TFTs, y>1 is attributed to a significant density
of conduction-band-tail states due to variable Si—Si bond
angles and lengths in the amorphous thin film.*® In a-Si:H
TFTs, the v, or nonlinearity, factor can be expressed by

T,
7=270—1 (10)

where T is the characteristic temperature, or slope, of the
conduction-band-tail states.'®'” While the full, physical sig-
nificance of cases where y>1 has not yet been fully ex-
plained for OFETs, the authors believe that it is most directly
related to energy-dependent, high densities of states around
the Fermi level due to disorder in the organic thin film. That
is, the formation of a highly ordered organic film reduces the
variation in bond angles and lengths, and possibly indicates
the formation of planar molecules. Thus it is expected that
for very disordered, solution-processed polymer films with
very low, short-range ordering (or reduced crystallinity), y
> 126027 Conversely, as long-range ordering (or crystallinity)
increases, as in small molecule thin films, y should approach
unity and the transistor will behave more in accordance with
Egs. (1)-(3).

In the case of a polycrystalline material such as TBP, the
grain boundaries in the film will likely control the charge
transport within the transistor channel. For example, Ara-
maki et al. examined TBP OFET behavior versus channel
length and attributed an increase in field-effect mobility for
smaller channel lengths to the reduced influence of grain
boundaries on transistor electrical performance.13 Further-
more, as often is the case for organic semiconductors, thin-
film morphology can be affected by processing
conditions;*™* thus the nonlinearity factor may vary for the
same material depending on processing conditions, such as
solvent choice or processing temperature. Based on our mi-
crostructural studies, and previously published works, #1330
we can conclude that TBP forms a polycrystalline thin film
(Fig. 2) with large grains and grain-boundary regions. The
field-effect mobility of the TBP thin film can then be de-
scribed as the parallel combination of the mobilities within
the grain and at the grain boundary, such that
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FIG. 3. Output characteristics of the discussed staggered source and drain
contact TBP OFET. The arrows indicate the directions of measurement.

1
MFE= Mgl =™ |» (11)
1+ﬁg-

/—Lgb

where w, represents the field-effect mobility within the
grain, g, represents the field-effect mobility within the grain
boundary, and ugpg represents the experimentally observed
field-effect mobility. So, even if the field-effect mobility
within a single grain is very large, the significantly lower
field-effect mobility of the grain-boundary region will domi-
nate. Second, if we assume the trap state density is negligible
within the grains, then trap states localized within the grain-
boundary regions could control charge-carrier conduction;
furthermore, given the moderate, micron-scale grain size that
is visible in Fig. 2, the trap states can be considered to be
uniformly distributed within grain boundaries throughout the
thin film, provided the acceptor concentration within the
grain is moderate (which is reasonable given the intrinsic
nature of organic semiconductors). Therefore, we can specu-
late that the subthreshold behavior of these devices can be
dominated by the trap state density located within the grain
boundaries, and can be related to the threshold voltage by
lin
o= ST (12)
q

where ¢ is the electronic charge and oy is the aereal trap state
density within the grain boundaries.

IV. RESULTS AND DISCUSSION

Output characteristics are displayed in Fig. 3. TBP
OFETs exhibit distinct linear and saturation regimes, with
minimal current crowding and nonlinear Vpg dependence.
Linear and semilogarithmic transfer characteristics in the lin-
ear regime, with Vpg=—10 V, are shown in Fig. 4. The
dashed line indicates the means for calculating VITin and ,u}é%
based on Eq. (2). Using this line, Vi"=—18.4 V and un
=3.6X107% cm?/V's. For amorphous, solution-processed
OFETs, however, these values would display a significant

dependence upon the gate voltage due to a high degree of

J. Appl. Phys. 98, 014503 (2005)

I '/ .lll.-l;ll. L1 0
1074 @a
E 4-3
7 L]
2 10 E n 6 =3
_o ; ) ‘§>
~10°] ) -
W= 12 mm 1-9
P L=225 um [ Te———
10™ . . -12

40 30 20 10 0
Ve V)

FIG. 4. Linear regime transfer characteristics of the described TBP OFET.
The arrows indicate the direction of measurement. The dashed line on the
linear-scale plot indicates the linear best-fit model, while the solid line in-
dicates the nonlinear best-fit model.

nonlinearity in the linear-scale transfer characteristic. As a
preliminary means of gauging the linearity of the field-effect
mobility versus the gate voltage, the field-effect mobility was
calculated from the transconductance over the entire gate-
bias range, where I, is given by Eq. (2):

lin dlp L

= 13
MFE-calc dVGS WCiVDS ( )

The results are shown for Vpg=—10 V in Fig. 5; the ideal
MOSFET extrapolated mobility is also included for compari-
son. The ideal gy ., remains constant above threshold. The
,u}é% calculated using Eq. (13) is not always constant; how-
ever, there is a range of gate bias with nearly constant ,ulF'{l:,
preceded by a subthreshold regime where the mobility
sharply increases with Vg as the accumulated charge density
in the channel increases. The nearly constant field-effect mo-

bility indicates that the thin film in the channel region is both

V_ =-10V —=— Constantp__ |
6 \va= 12 mm p'FE-caIc T
) =22.5um 1
2(9 ! ”FEO(VGS'VT)Y- 1
NE 4 p'FE-c:aIc:/Y T
[&]
?
o
% 2 |
w
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-40 -30 -20 -10 0
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FIG. 5. Comparison of mobility calculations in the linear regime. The
straight line indicates the linear best fit to the ideal MOSFET square law
equations [Eq. (2)], which approximates a constant mobility commencing at
V7. The ppg_cae line [Eq. (13)] displays a region of nearly gate-independent
mobility, while the Vg-dependent upg [Eq. (6)] displays a decreasing slope
in relation to Vgg. Furthermore, pps_cq line [Eq. (13)] overestimates Eq. (6)
by approximately v, as expected.
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TABLE I. Comparison of TBP OFET device parameters extracted using
linear and nonlinear best-fit models.

Linear Saturation
Linear method aee (cm?/V-s) 3.6X107% 9.9x107°
Vi (V) -184 -14.7
Nonlinear method Mrro (cm?/V7-s) 0.0020 0.0011
Vi (V) -17.0 -10.8
y 1.2 17
e (Vgs==40 V) (cm?/V-s) 3.6X1073 1.1X 1072
7, (K) 327 402

well ordered (or polycrystalline) and has a low density of
trap states. Thus, as Vg increases, the channel charge den-
sity reaches a point where the trap states are filled, and fur-
ther accumulation results in more carriers traveling between
the source and drain electrodes. The increase at higher values
of Vg is currently being examined to determine its relation
to either device settling, or lowering of the activation energy
at higher Vg associated with the presence of grain bound-
aries within the channel region.

Performance parameters calculated by fitting the linear-
scale transfer characteristic in Fig. 4 to Eq. (4) are reported
in Table I; the solid line on the linearly scaled transfer char-
acteristic indicates the nonlinear fitting. Using Eq. (12), for
VIP=—170V, 0,=2.6x102cm™,  which for a
120-nm-thick film corresponds to a volume trap state density
N,=2.2X 10" cm™. The calculated y=1.18 indicates that
nonlinearity of the TBP OFET behavior is small in compari-
son to polymer OFETs.***’ Furthermore, the Vgs-dependent
field-effect mobility begins to level off at higher magnitudes
of Vgg. At Vgg=-40 V, as expected, the difference between
the linear and nonlinear extractions of the field-effect mobil-
ity is negligible. It is notable that the V55-dependent mobility
levels off with increased voltage, rather than increasing
monotonically, as was seen with polymer OFETs.***" The
authors believe that this mobility behavior is a further indi-
cation of the improved crystallinity and reduced trap density
in the channel region. Whereas in polymer thin films charge-
carrier  transport consists of  dispersive, hopping
mechanisms'’ wherein the variable gate bias significantly af-
fects the charge-carrier mobility because of trap state filling
and enhanced molecule-to-molecule travel, the higher degree
of crystallinity in the TBP thin film'? produces less disper-
sive transport and more delocalized charge transport that
likely is controlled by grain boundaries. Furthermore, com-
bined with the nearly constant field-effect mobility calcu-
lated through the transconductance, it is likely that the con-
stant lateral electric field imparts a constant energy to the
charge carries, such that their interaction with grain bound-
aries in the polycrystalline thin film leads to consistent mo-
bility behavior in relation to V5. Additionally, due to the
low value of vy it is likely that the density of valence-band-
tail states is small, and that the Fermi level approaches the
valence-band (or HOMO) level, rather than valence-band-tail
states. Similarly, hydrogenated polysilicon TFTs display
characteristics indicative of deep trap states localized within
the grain boundaries, including an I, thermal activation en-
ergy which displays a characteristics kink and decreases
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FIG. 6. Saturation regime transfer characteristics of the described TBP
OFET. The arrows indicate the direction of measurement. The line accom-
panying I, on the linear-scale plot indicates the nonlinear best fit.

quickly with Vg as the device is driven into the on state.**
On the other hand, a defining characteristic of a large density
of band-tail states is thermal activation energy which de-
creases slowly, and without a kink, as the device is driven
into accumulation. A similar kink has been observed for TBP
and will be described in detail elsewhere.*

Linear and semilogarithmic transfer characteristics in the
saturation regime, with Vpg=Vgg, are shown in Fig. 6. This
figure shows Ip, along with the nonlinear curve fit used to
calculate V; and ujp,. Using the linear best-fit method based
on Eq. (3), Vi'==14.7 V and u%=9.9x 1073 cm?/Vs. The
mobility can also be calculated as

hy 1\2
w (d\'|ID|> 2L
dVgs ) WC,

MEE-calc = ( 1 4)
However, Eq. (14) is inaccurate if pupy .. is gate voltage
dependent. Evidence of this miscalculation is displayed in
Fig. 7, which also includes the gate-dependent field-effect

20'- VDS=VGS —s— Constant p__ -
— 16- \IfV=21225mm Ly FE~calc .
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FIG. 7. Comparison of mobility calculations in the saturation regime. The
straight line indicates the linear best fit to the ideal MOSFET square law
equations [Eq. (3)], which approximates a constant mobility which starts at
V. The ppp_cac line [Eq. (14)] displays a region of nearly constant mobility,
while the Vg-dependent s [Eq. (9)] displays a decreasing slope in rela-
tion to Vgs. Furthermore, ppp_cqc line [Eq. (14)] overestimates Eq. (9) by
approximately 2/(y+1), as expected.
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mobility based on Eq. (9). At Vpg=—40 V, the deviation be-
tween the linearly extracted mobility and the nonlinearly ex-
tracted mobility is 11%. The difference in the two methods is
a product of an increased nonideality factor in saturation,
where y=1.68; this higher order indicates that charge trans-
port in TBP OFETs is dependent not only upon Vg but also
upon Vpg. Such behavior is commonly seen in polycrystal-
line silicon and organic thin-film transistors, wherein grain
boundaries dominate charge transport.46

The variation in the deviations seen in the linear and
saturation regimes is a result of the orders of Egs. (13) and
(14). In terms of the nonlinear extrapolation in Egs. (6) and
(9), the gate-dependent increase in mobility is possibly re-
lated to regions of carrier transport linked to the grain bound-
aries. Whereas in the linear regime the lateral voltage is con-
stant, in the saturation regime Vpg is tied to Vg, thus
providing a constantly changing two-dimensional electric
field. In the saturation mode, as the device is driven further
into accumulation, and Vpg increases with Vg, the charge
carriers are given more energy to traverse the energy barrier
presented by the polycrystalline grain boundaries. Thus a
higher degree of curvature is measured in the saturation re-
gime transfer characteristics than in the linear regime transfer
characteristics. Device performance for such polycrystalline
semiconductors is mainly limited by intergrain transport,
whereas polymer OFET performance is limited by slower
charge-carrier trapping and releasing and interchain hopping.
Furthermore, these 7y values, along with the sublinear behav-
ior of the field-effect mobility, indicate that the polycrystal-
line nature of the TBP thin film leads to behavior more like
polycrystalline and microcrystalline Si TFTs than polymer
OFETs. That is, charge transport occurs not within midgap,
delocalized, undefined traps or bands, but within a more de-
fined energy band that displays less of a dependence upon
the gate bias, and thus, the Fermi energy level of the active
region.17

In general, thin-film transistor subthreshold behavior can
be related to the maximum equivalent density of interface
states Ng* and/or the maximum equivalent density of bulk
states Npy* assuming they are independent of energy:*

kT
S_

= og el Gl + gl (15)

where S is the subthreshold slope, k Boltzmann’s constant, €
the semiconductor dielectric constant, and 7 the ambient
temperature. Thus with an ambient testing temperature of
300 K and assuming Np=0, the measured subthreshold
slope of 1.2 V/decade from Fig. 4 produces a Ng'*=2.9
X 10'2 cm=2 eV~!. If we assume that the trapping states are
located near the middle of the transport gap, where the trans-
port gap E;=2.2 eV,* then the product NG E7/2 is close to
o,. This indicates that § is most likely controlled by the
grain-boundary trap states, although some defects could also
be present within the grains. Note that, similarly, by ellip-
sometry €, was measured to be 3.76, such that by assuming
Ng=0, Np™ is calculated to be 4.10X 10'8 cm™ eV~L. If we
assume that the traps are uniformly distributed throughout
the transport gap, then Npt*E;=9.02 X 10'® ¢cm™, which is a
significantly larger value than N,. Furthermore, the moderate
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(compared to other organic semiconductors) densities of trap
states corroborate with the relatively low characteristic
temperaturesz“'%’”’47 to indicate that the annealed TBP forms
a thin film more polycrystalline than organic polymers. In the
linear regime, the characteristic temperature of 327 K is
barely higher than room temperature, indicating that charge
transport may be a combination of dispersive and nondisper-
sive transports in the grain boundaries. The tailing off of the
field-effect mobility calculated by Eq. (9) agrees with the
expected exponential decrease of the grain-boundary barrier
height with applied gate bias.*® The constantly increasing
field-effect mobility in the saturation regime is attributed to
the drain bias, which by being tied to the gate bias, con-
stantly alters the two-dimensional electric field encountered
by the charge carriers. Consequently, y and 7|, are higher in
the saturation regime (1.7 and 402 K, respectively) than for
the linear regime. Furthermore, we note that the derivative-
based calculations of the field-effect mobility in the linear
and saturation regimes can be adjusted to match the y-based
mobility by dividing by y and 2/(y+1), respectively.”**’

V. CONCLUSIONS

In this paper we have shown that in polycrystalline TBP
OFETs, field-effect mobility, and drain current nonlinearity
can be tied together using a method that produces reliable,
consistent measures of device electrical parameters. We have
shown here that staggered source and drain electrode OFETs,
when combined with nonlinear analysis of the device elec-
trical performance, are useful tools in examining the short-
and long-range ordering of an organic semiconductor thin
film. Furthermore, our results indicate that soluble organic
semiconductors such as tetrabenzoporphyrin form channel
regions with degrees of crystallinity higher than their organic
polymer counterparts. They also lead to the conclusion that
the nature of TBP is more comparable to micro- and poly-
crystalline silicon TFTs. Combined with the low subthresh-
old slope and, consequently, trap densities mainly located
within the grain boundaries, it is concluded that the device
operation is dominated by intergrain transport between do-
mains of crystallized TBP molecules, rather than by the the
source and drain electrodes or the grain itself. Finally, more
comprehensive analytical methods should be used if proper
judgments are to be made in comparing OFETs. It must be
realized that although wpgp can be high for amorphous mate-
rials, this is not representative of thin-film electronic quality,
especially if the method for measuring and extracting ugg is
inconsistent.
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