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We present a method of extracting the field-effect mobility from the transfer characteristics
of organic polymer thin-film transistors (OP-TFTs), in both the linear and saturation regimes,
by accounting for the dependence of the mobility on the gate bias, which translates to a
dependence on the accumulated density of majority charge carriers in the channel. This
method is compared to the commonly used extraction methods, which are based on the
standard MOSFET square-law drain current equations that do not account for the variation
of mobility with the applied gate bias. We show that by using the standard MOSFET
equations, the extracted field-effect mobility can be significantly overestimated. We also
demonstrate the use of the proposed method to extract the field-effect mobility at different
measurement temperatures and present the dependence of the extracted parameters on

temperature.

I. Introduction

The electrical performance of organic electronic de-
vices such as organic thin-film transistors (O-TFTs) has
steadily increased over the past several years.!=® This
increase can be attributed to the development of high-
quality organic semiconductors and to the engineering
of device structures and fabrication methods, as well as
to the progress made in explaining the underlying
physics of organic materials and devices. One important
factor in the development of this class of devices is the
ability to reliably compare the various performance
parameters (i.e., field-effect mobility, threshold voltage,
and ON/OFTF ratio) extracted for different devices and
found by different research groups. In this paper, we
will discuss the methods used to extract the field-effect
mobility from the transfer characteristics of organic
polymer thin-film transistors (OP-TFTs).

In the past, several groups have examined the field-
effect mobility in OP-TFTs from various theoretical
perspectives. These studies were based on either the
variable-range hopping (VRH) model®~8 or on the mul-
tiple trapping and release (MTR) model®1° For the case
of VRH, the transport of charge carriers occurs within
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organic molecules by hopping (or tunneling) from one
localized state to another, either over a short distance
with a relatively high activation energy or over a longer
distance with a smaller activation energy. In the MTR
model, the charge carriers move within organic mol-
ecules from localized states to delocalized states by
thermal activation. Charge transport occurs through the
delocalized states until the carriers are trapped into
another localized state, and so on. The derived analytical
expressions were shown to agree well with the experi-
mentally determined gate bias and temperature depen-
dence, and the validity of each model to various organic
molecular systems (i.e., well organized small molecule
systems versus amorphous polymer systems) is still
under debate.

Other groups have studied the effect of various device
fabrication methods on the field-effect mobility. It was
observed that the field-effect mobility has a significant
dependence on the morphology and ordering of the
molecules in the thin-film (for small molecules and
polymers). The ordering of the molecules can be con-
trolled by the deposition temperature and rate for
vacuum-deposited small molecules,''~13 by the solvent
used for deposition from solution,'41% and by mechanical
treatment of the substrate before the deposition of the
organic semiconductor. Furthermore, it should be noted
that the dependence of the charge carrier mobility on
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Figure 1. Cross-section of OP-TFT device structure and
chemical structure of F8T2.

the applied gate bias seems to arise from the variation
of the mobility with carrier density in the channel.%10-16
The density of charge carriers in the channel is con-
trolled by the applied gate bias (i.e., accumulation of
holes in p-channel devices), therefore, this translates
into the observed dependence of the carrier mobility
with the applied gate bias.

Due to the dependence of the mobility on applied gate
bias, it has often been observed that the OP-TFT
transfer characteristics do not always exhibit an ideal
linear behavior with gate-to-source bias, at low drain-
to-source voltage.l”-1® In this paper, we present a
tractable method of extracting the field-effect mobility
from the transfer characteristics of OP-TFTs, in both
the linear and saturation regimes. This method is based
on the commonly used MOSFET drain current equa-
tions with a modification to allow the dependence on
the applied gate bias to be taken into account. Using
this method, we show that the field-effect mobility
extracted using the standard equations can be signifi-
cantly overestimated, giving results that may be unreli-
able.’ This method is then used to extract the field-
effect mobility and related parameters from the transfer
characteristics at different temperatures, and the de-
pendence of these parameters on temperature is pre-
sented.

II. Experimental Section

A. Device Structure. A schematic cross-section of the OP-
TFT that we have used in this study is shown in Figure 1.
The device is in an inverted, defined-gate, gate-planarized,
coplanar thin-film transistor configuration and has been
described in more detail elsewhere.*52021 Indium tin oxide
(ITO) was used for the source and drain contacts, benzocy-
clobutene (BCB) was used as the gate-planarization layer and
also functions as a gate insulator, PECVD hydrogenated
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Figure 2. Typical OP-TFT linear regime transfer character-
istics. Arrows indicate direction of measurement.

amorphous silicon nitride (a-SiN:H) was used as a second gate
insulator layer, and chromium (Cr) was used for the patterned
gate electrode. The patterned gate electrode provides enhanced
device performance by reducing parasitic leakage currents
outside of the intended channel of the device. The BCB gate-
planarization layer provides a smooth surface, such that better
step-coverage and adhesion of subsequently deposited layers
(i.e., a-SiN:H and ITO) is achieved. The devices were fabricated
on a silicon substrate with a thick, thermally grown silicon
dioxide layer to facilitate processing in standard microelec-
tronic fabrication equipment and provide electrical isolation
of the devices. We used a 1 wt % solution of the organic
semiconductor F8T2 [poly(9,9-dioctylfluorene-co-bithiophene)]
alternating copolymer from Dow Chemical Company (chemical
structure shown in Figure 1) dissolved in either xylenes or
mesitylenes at a temperature of approximately 50 °C. The
heated solution was deposited by spin-coating and cured in a
vacuum oven at 90 °C, providing a uniform film with an
approximate thickness of 1000 A. Samples are stored in air,
at room temperature, and with yellow ambient light.

B. Measurement Setup. The transfer characteristics
(drain current versus gate-to-source voltage, Ip — Vgg) of the
OP-TFT were measured in the dark, at various temperatures,
using a Karl Suss PM8 probe station, and an HP4156
semiconductor parameter analyzer controlled by Interactive
Characterization Software (Metrics). The transfer character-
istic measurements performed in this study were measured
from the strong accumulation (i.e., ON-state) to the OFF-state,
as is commonly done. Transfer characteristic measurements
performed in this manner provide more reliable and repeatable
results, since any nonideal effects that depend on the applied
gate bias, which would accumulate for the case of measure-
ment from the OFF-state to the ON-state, occur at the start
of the measurement. A Signatone QuiteTemp temperature
controller and hot-chuck were used to control the temperature
of the devices between 10 and 80 °C. All measurements were
performed in ambient atmosphere.

III. Extraction Methods and Discussion

OP-TFTs based on F8T2 exhibit p-channel field-effect
transistor action as can be seen from the typical linear
regime transfer characteristics shown in Figure 2. As
stated above, the OP-TFT transfer characteristics at low
drain voltage do not always exhibit a perfectly linear
behavior with applied gate bias, above the threshold
voltage, as in the case of ideal c-Si MOSFETs. The
typical transfer characteristics of an OP-TFT are shown
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Figure 3. OP-TFT transfer characteristics in the linear and
saturation regimes. Symbols represent experimental data, and
solid lines show fits to eqs 3a and 3b.

in Figures 2 and 3. The deviation from the ideal c-Si
MOSFET behavior has also been observed in a-Si:H
TFTs22-25 where it has been associated with dispersive
transport of the charge carriers (electrons) in a-Si:H.25:26
In general, in amorphous and other low-mobility solids
(including organic polymers), the movement of an
injected pulse of charges in a steady electric field
produces a completely smeared-out drift of the pulse.
This is due to heavy trapping of the charge carriers and
the slow release from the traps under thermal excita-
tion. In such a case, it is difficult to define the transit
time of any particular charge carrier. Instead, the time
dependence of the current is described by a power-law:

IHO0¢*s,(0<s<2) (D

where ¢ is time and s is a material-dependent parameter
related to the dispersive nature of the transport mech-
anisms. This type of behavior is known as dispersive
carrier transport in disordered materials.

A. Linear and Saturation Regime. To accom-
modate dispersive carrier transport, we must modify the
standard MOSFET equations in the linear and satura-
tion regimes:2’

in W
Ii) = _#FEhnCinsf(VGs = Vi) Vps (2a)

I?)at = _quEsatCins%(VGS - ‘/Ts,at)2 (Zb)

where urgln is the linear regime field-effect mobility,
UFEsat 18 the saturation regime field-effect mobility, Ciys
is the gate insulator capacitance per unit area, W is the
channel width of the device, L is the channel length of
the device, Vs is the applied gate-to-source bias, Vi,
is the threshold voltage in the linear regime, Vgt is
the threshold voltage in the saturation regime, and Vpg
is the applied drain-to-source bias. Further details of
the required modifications can be found in the Appendix.
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Table 1. Fitting Parameters Used for the Transfer
Characteristics Shown in Figure 3

linear saturation
regime regime
WI/L 116/36 116/36
Cins (F/cm?) 75x10° 7.5 x107°
UFELin0 and UrEsato cm?/V’s 3 x 107° 3.5 x 1076
urE (cm?Vs) at Vgs — Vr=—-25V 1 x 1073 2 x 1073
y 2.1 2.9
To (K) 465 585
Vriin and Vigat (V) -9 -3.3

The modified linear and saturation regime equations,
which include an additional parameter, y, associated
with the nonlinearity of the device transfer character-
istic for low Vpg are given below?22~25

= _ﬂFEunoCinszV(VGs = Vi) Vs (3a)

a w
Iyt = _ﬂFEsatOCinsm(VGs ~ Vi (3D)

where urgino and urgsato are fitting parameters associ-
ated with the field-effect mobility of the device in the
linear and saturation regimes, respectively, and the
other parameters are described above. We should note
that the unit of urgino and urgsato is not necessarily cm?/
Vs, but cm?/Vs.

The physical significance of y in a-Si:H has often been
expressed by

T,

where T, is the characteristic temperature of the
inorganic semiconductor density-of-states distribution
around the position of the Fermi level.1824 The equation
is valid for T' < T. In a-Si:H TFTs (n-channel devices),
Ty is the characteristic temperature (slope) of the
conduction band tail. The nonideal situation of y > 1 is
associated with a high density of conduction band tail
states, which can be attributed to variations of the Si—
Si bond angles and distances in the amorphous semi-
conductor. We have also previously demonstrated for
a-Si:H TFTs?® that y can be significantly under-
estimated in cases of nonnegligible source and drain
series resistances. Indeed, y = 1 can be observed for a
TFT with both a high density of conduction band tail
states and high source and drain series resistances.

To fit the OP-TFT experimental data in the linear and
saturation regimes over a wide gate voltage range,
shown in Figure 3, we used eqs 3a and 3b with the
fitting parameters summarized in Table 1. The physical
significance of y values larger than one in organic
devices has not yet been fully explained. However, the
authors believe that, following amorphous semiconduc-
tor theory, it can also be associated with an energy-
dependent, high density of states around the Fermi level
position caused by residual disorder in the locally self-
organized polymer film. As the carrier concentration
increases, localized defect states are filled and the Fermi
level approaches a region of the density of states of more
extended electronic states with higher mobility. Indeed,
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the gate voltage dependence of the OP-TF'T field-effect
mobility has already been connected to the character-
istic temperature of the semiconductor density-of-states
distribution around the position of the Fermi level, T.7
As stated above, when the OP-TFT parameter extrac-
tion is performed using eq 3a, the unit of urgine and
UFEsato 18 not cm?/Vs, but cm?/V’s, and eq 3a is therefore
used only to extract y.

Alternatively, it is also possible to rewrite eqs 3a and
3b as

in - W
I}) = —ttppino(Vas = Viin) Cinst (Vs — Vi) Vs
(5a)

. . W
I3 = —ttppeaoVas = Vi) lcinsm x

(Vs = Viga)” (5b)

which become
lin __ w
Iy = _#FEhn(VGs)Cmsf(VGs — Viin)Vps  (6a)

w

m(VGS — Vig)®  (6b)

I?)at = _:uFEsat(VGS)Cins
with
Urrin(Vas) = UrriinoVas — VTlin)y_l (7a)

‘uFEsat(VGS) = ‘uFEsatO(VGS - ‘/Tsat)y_1 (7b)

Equations 6a and 6b are very similar to the standard
MOSFET eqs 2a and 2b in the linear and saturation
regimes, but contain the gate voltage dependence of the
field-effect mobility. It is therefore incorrect to extract
UFEln from eq 2a or urgsat from eq 2b, as it is commonly
done for the MOSFET, because of the gate voltage
dependence of the field-effect mobility. As it has been
pointed out previously,!® doing so would overestimate
the field-effect mobility of the device by a factor y in
the linear regime and by (y + 1)/2 in the saturation
regime, as indicated by the equations below. Using eq
2a or 2b, the field-effect mobility is sometimes extracted
using the following equation:

. ar®
PERES L ) (82
VisCinsW/L\dV g

ms

sat 2
sat _ 1 {d |ID |
Heale ™ 0. W/2L\ dVig (8b)
with
dlgn W
Ny inCins_V (9&)
dVs HUrE] L 'Ds

dyIlp"| W
dVGS - /"FEsatCinsf (9b)

However, if the field-effect mobility is gate voltage
dependent, eqs 2a and 2b have to be replaced by eq 3a
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Figure 4. Comparison of the results of several extraction
methods used to find the OP-TFT field-effect mobility of the
same device as used in Figure 3, in the linear regime.
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Figure 5. Comparison of the results of several extraction
methods used to find the OP-TFT field-effect mobility of the
same device as used in Figure 3, in the saturation regime.

or 6a and eq 3b or 6b, respectively. In such a case, the
field-effect mobility expression becomes

Hemie = VitrrinoVas — Vi) (10a)
ale = (%)ﬂFEsatO(VGS ~ Vo)t (10b)
or
Heme = Vitwmin(Vs) (11a)
e = (}/—;_l)ﬂFEsat(VGs) (11b)
where:

‘uFElin(VGS) = /’LFElinO(VGS - Vlein)y_1 (12a)

‘uFEsat(VGS) = IuFEsatO(VGS - ‘/Tsa‘c)y71 (12b)

These equations clearly indicate that the OP-TFT field-
effect mobility can be overestimated if the parameter
extraction is not done properly. These observations are
illustrated in Figures 4 and 5 where we have plotted
the field-effect mobility in the linear regime and satura-
tion regime, respectively, extracted by the different
methods described here. (1) Conventional value ex-
tracted from experimental data using eq 2a or 2b, the
standard MOSFET drain current equations in the linear
and saturation regimes. (2) Values calculated using eq
7a or 7b and the fitting parameters from Table 1. (3)
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Values extracted from experimental data using eq 8a

: lin sat
or 8b, i.e., e, OF Healer

(4) Values extracted from experimental data using eq
8a or 8b and taking into account y; i.e., x5 /yor x5
%)
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Note that, as shown in Figures 4 and 5, curves (1)
and (3) show significantly overestimated values of the
field-effect mobility in both linear and saturation re-
gime. For the case of curve (1), the extraction using the
standard MOSFET equations, which ignore the gate
bias dependence of the mobility, the extracted mobility
is constant with applied gate bias, as shown in the
figures. The difference in the results from each method
is less significant for large values of the gate bias. On
the other hand, curves (2) and (4) are very similar and
increase with gate bias, as expected from the discussion
above. Therefore, it is critical to keep in mind that when
the conventional field-effect mobility extraction method
(i.e., using eq 2a or 2b) is applied to OP-TFTs, the values
found for the field-effect mobility can be significantly
overestimated. We can also conclude that the methods
used to extract curves (2) and (4) are the most appropri-
ate for OP-TFTs, and allow a more reliable comparison
of the electrical performance of different devices and
materials.

In general, the behavior of the mobility for the case
of devices based on disordered materials (i.e., OP-TFTs
based on F8T2) is different from the case of devices
based on crystalline materials (i.e., MOSFETSs based on
¢-Si) because of the nature of the density of states, near
the position of the Fermi level, through which the
carriers move. Crystalline materials are characterized
by well-defined, delocalized transport bands separated
by an energy gap that is nearly devoid of localized
states, resulting in a mobility that has negligible
dependence on the applied gate bias. Whereas in
disordered materials, the delocalized transport bands
are not well defined and there exists a significant
density of localized states in the energy gap. This results
in a field-effect mobility that has a significant depen-
dence on the applied gate bias, since the region of the
density of states, through which the charge carriers are
transported, changes with the applied gate bias.

B. Temperature Dependence of OP-TFT Electri-
cal Characteristics. We have used this extraction
method on OP-TFT transfer characteristic data taken
at different temperatures ranging from 10 to 80 °C, as
shown in Figure 6. It should be noticed that we have
used different devices for these measurements. In
Figure 6, we see that the OFF-state drain current is
significantly affected by the temperature of the device,
and increases from approximately 5 x 10713 A to 5 x
10712 A as the temperature is increased from 10 to 80
°C. Also, note that the subthreshold slope of the transfer
characteristics (i.e., the slope of the semilog plots in the
transition regime from the OFF-state to the ON-state)
does not appear to be affected by the temperature,
signifying that the region of the density of states of the
organic semiconductor near the Fermi level is not
significantly altered. In Figure 6, the symbols represent
the experimental data and the lines show fits of the
linear plots using eq 3a. From the fits, we extracted the
linear regime field-effect mobility urgino, linear regime
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Figure 6. Linear regime transfer characteristics of an OP-
TFT measured at different temperatures between 10 and 80
°C. The symbols correspond to experimental data, and the lines
correspond to fits using eq 3a.
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Figure 7. Dependence of the OP-TFT field-effect mobility on
temperature, taken from the data shown in Figure 6 at
different gate biases. Symbols are experimental data, and
straight lines are the fits to an Arrhenius relationship, giving
the activation energy (E,) of the field-effect mobility.

threshold voltage Vi, and gamma parameter from the
data of Figure 6 at different temperatures. Then, using
eq 7a, we calculated urgin as a function of applied gate
bias for each temperature. The field-effect mobility
increases with gate bias, as expected, and the temper-
ature dependence of the field-effect mobility at different
applied gate biases is shown in Figure 7. The fit of urgiin
with temperature is an Arrhenius relationship of the
form

_ —EJkT
UpRlin = U pge (13)

where u*;; is the pre-exponent factor of this mobility
and has a value of approximately 10 cm?/V here. The
fit is excellent up to approximately 80 °C and we can
see that, as expected, the field-effect mobility is acti-
vated in temperature. In Figure 8, we present the
thermal activation energy E, of the field-effect mobility
as a function of applied gate bias. These data were taken
from the mobility data found using methods (2) and (4),
described above. From this figure, we see that E, is
constant at a value of approximately 0.2 eV for high
applied gate biases (|Vgs| = |V1|) and increases for lower
gate biases. Similar results were obtained by others and
have been associated with the filling of low-lying local-
ized electronic states by the accumulated charges as the
gate bias is increased.”
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temperature, extracted from the data shown in Figure 6.

Symbols are experimental data, and the straight line is the
linear fit which serves as a guide to the eye.

Furthermore, the dependence of the threshold voltage,
extracted from Figure 6 using eq 3a, on temperature is
shown in Figure 9, and we can see that the threshold
voltage decreases slightly with increasing temperature,
at a rate of approximately 0.04 V/K over the range of
temperature we used here. We present the temperature
dependence of y, found from Figure 6 using eq 3a, in
Figure 10. We can see from this figure that y has a value
significantly larger than unity and has a more complex
dependence on temperature. The observed temperature
dependence is not the expected result that should follow
from eq 4. At the lower temperatures, below 40 °C, y
decreases with temperature, as expected. However, at
higher temperatures, above 40 °C, the dependence on
temperature is reversed and reduced. Though these
results were reproduced several times, further investi-
gation of the dependence of y on temperature is needed.

IV. Conclusion

We have described a method that can be used to
reliably extract and compare the field-effect mobility
from the transfer characteristics of OP-TFTs. This
method is based on the modification of the standard
MOSFET equations to include the gate bias dependence
of the charge carrier mobility, which can more physically
be described as a dependence on the charge carrier
density in the channel. We have shown that the use of
the standard MOSFET equations to extract the mobility
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Figure 10. Dependence of the OP-TFT gamma parameter on
temperature, extracted from the data shown in Figure 6.
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linear fits to the corresponding sections of the gamma data
and serve as guides to the eye.

can give significantly overestimated results, in both the
linear and saturation regimes, and this should be kept
in mind when comparing the electrical performance of
devices evaluated in this manner. The proposed method
was used to extract the field-effect mobility from the
transfer characteristics measured at different temper-
atures and the temperature dependence of the relevant
parameters was presented. We observed that the field-
effect mobility was thermally activated, with an activa-
tion energy (E,) that depends on the applied gate bias
and has a value of approximately 0.2 eV. These results
agree with previously published results, demonstrating
the validity of the OP-TFT parameter extraction method
described in this paper.

Appendix

A general expression for the drain current has been
derived by Merckel et al. from Kishida and Leroux:22-24

W 1
In=~— ﬂFECinsf m[(v(}s - VT)erl -

(Vas — Vo — Vpe’ ™ (14)

The right side of eq 14 can be series expanded in Vpg
to the second order to give the linear regime drain
current as

Ip=— #FECinszV(VGs =V x

(Vs = V)Vps — 5Vps?| (15)

For low Vps, y/2 Vps? becomes negligible and eq 15
reduces to eq 3a.

For the saturation regime (i.e., Vps = Vgs — V1), eq
14 becomes eq 3b.
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