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The static and dynamic electrical characteristics of thin-film transistors (TFTs) are often limited by the
parasitic contact resistances, especially for TFTs with a small channel length. For the smallest possible
contact resistance, the staggered device architecture has a general advantage over the coplanar architecture
of a larger injection area. Since the charge transport occurs over an extended area, it is inherently more
difficult to develop an accurate analytical device model for staggered TFTs. Most analytical models for
staggered TFTs, therefore, assume that the contact resistance is linear, even though this is commonly
accepted not to be the case. Here, we introduce a semiphenomenological approach to accurately fit
experimental data based on a highly discretized equivalent network circuit explicitly taking into account the
inherent nonlinearity of the contact resistance. The model allows us to investigate the influence of nonlinear
contact resistances on the static and dynamic performance of staggered TFTs for different contact layouts
with a relatively short computation time. The precise extraction of device parameters enables us to calculate

the transistor behavior as well as the potential for optimization in real circuits.
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I. INTRODUCTION

Thin-film transistors (TFTs) provide a technological
platform for large-area electronics applications, including
active-matrix displays, sensors, and logic circuits. TFTs
can be fabricated with numerous semiconductors, such as
polycrystalline silicon (poly-Si), hydrogenated amorphous
silicon (a-Si:H), metal chalcogenides, metal oxides,
conjugated polymers, and small molecules, and using a
wide range of processing techniques, such as physical and
chemical vapor deposition, solution processing, inkjet
printing, and gravure printing, to name just a few [1-3].
A common trend in TFTs is the miniaturization of the
device dimensions, especially of the channel length, with
the goal of reducing the carrier transit time and the
device capacitance to achieve a higher operation frequency.
Indeed, for channel lengths around or below 1 pum, operat-
ing frequencies as high as 5 GHz have been reported
for poly-Si TFTs, 1 MHz for a-Si:H TFTs, 135 MHz
for metal-oxide TFTs, 20 MHz for polymer TFTs, and
27.7 MHz for small-molecule TFTs [4-9]. With decreasing
channel lengths, the contribution of the channel resistance to
the total device resistance decreases and the parasitic contact
resistances begin to influence the device behavior. As a
result, the current-voltage characteristics of short-channel
TFTs are often dominated by the contact properties [10—12].
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This situation is particularly pronounced whenever a sys-
tematic reduction of the contact resistance by chemical
doping of the contact regions is not possible or not practical,
which is typically the case in metal-oxide and organic TFTs
[13]. As a consequence, the effective (or apparent) carrier
mobility extracted from the current-voltage characteristics
of short-channel TFTs is often substantially smaller than
the carrier mobility in the charge accumulation zone of the
semiconductor layer [12]. A large, gate-bias-dependent
contact resistance can also lead to an erroneous extraction
of an overestimated charge-carrier mobility from the transfer
curves of the TFTs [14-16].

When considering the contact resistance and its influ-
ence on the current-voltage behavior of the devices, it is
necessary to distinguish between the coplanar architecture,
in which the gate dielectric and the source and drain
contacts are located on the same interface with the semi-
conductor layer [see Fig. 1(a)], and the staggered archi-
tecture, in which the gate dielectric is located on one
interface and the source and drain contacts are facing the
opposite interface with the semiconductor [see Fig. 1(b)]
[17]. For coplanar TFTs, the parasitic contact resistances
can be easily incorporated into analytical device models, as
they appear mainly at the edges of the contacts close to the
channel region [18-22]. By contrast, the charge injection
and extraction in staggered TFTs occur across a certain area
along the contact-semiconductor interface [23,24] that is
characterized by the transfer length L; [see Fig. 1(b)]
[25-27]. Several models have been proposed for staggered
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TFTs in order to describe how the device characteristics are
affected when charges are exchanged between the contacts
and the semiconductor across a laterally extended area
[28-30]. Provided that the contact resistance is approx-
imately linear, reasonable assumptions can indeed be
derived, and reasonably accurate models can thus be
developed [31].

However, in the absence of contact doping, both the field
dependence of the charge injection and the charge transport in
the bulk semiconductor (described, for example, by a space-
charge-limited current) are generally nonlinear [29,32,33],
which means that most of the assumptions required in the
derivation of the abovementioned models are only partially
valid. As a result, a suitable tool to accurately describe the
time-resolved influence of a nonlinear contact resistance on
the current-voltage characteristics of the TFT's depending on
the contact geometry is still lacking.

One approach to treating this problem is the utilization of
numerical drift-diffusion simulations, which are useful for
studying the charge flow in three dimensions but require a
detailed knowledge of the materials and the interface
properties [34—41]. The latter makes it difficult, if not
impossible, to adapt the results of such simulations. The
reason for this is that the properties of the interfaces
between the contacts and the semiconductor, especially
in the case of organic semiconductors, critically depend not
only on the choice of material but also on a large number
of process parameters [42,43]. As an alternative, various
analytical models have been developed for treating the
injection of charges into organic semiconductors [44—48],
but these models are unable to predict the charge flow at the
metal-semiconductor interfaces a priori. Parameters such
as the energy barrier height partially lose their physical
meaning and are instead used to adjust resistances to the
correct levels during the fitting of experimental data, which
means that they become or behave like phenomenological

opm

parameters. Besides, charge-injection models do not always
reproduce the exact fundamental current-voltage character-
istics of metal-semiconductor interfaces, hence making
comparisons between modeling results and experimental
data impossible for any TFT structure.

To overcome these fundamental limitations of existing
modeling and simulation approaches, we introduce a strat-
egy that is based on a circuit simulator in which an
equivalent network of multiple ideal transistors, in combi-
nation with linear and nonlinear resistors as well as
capacitors, is used to accurately model a single transistor
device that specifically includes nonlinear contact resistan-
ces. This alternative approach makes it possible to use a
semiphenomenological description of charge injection into
and charge transport inside the contact regions of the device,
which perfectly suits the problem and thus minimizes the
modeling and computation effort. In combination with
laterally resolved contact and channel regions, the interplay
between device geometry and device performance can be
investigated in great detail, and the critical effect of nonlinear
contact resistances becomes apparent. In addition, the short
computation time makes it possible to rapidly fit exper-
imental data and thus extract physical parameters, such as
the intrinsic charge-carrier mobility as well as the threshold
voltage, even for very small channel lengths, which are
typically restricted by a parasitic contact resistance.

II. RESULTS
A. Modeling approach

As shown in Fig. 2(a), a single transistor is described by
an equivalent network circuit based on a current-crowding
model [29,31,49]. This equivalent network circuit is solved
using the freely available circuit simulator LTspice [S0] (see
Fig. S1 of the Supplemental Material [51]). We divide the
TFT into three distinct lateral regions: source, channel, and
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FIG. 2. (a) Equivalent circuit employed for the network simulation. A one-dimensional line of ideal transistors represents the charge

accumulation zone (CAZ) that extends from the source region (left) across the channel region (middle) to the drain region (right). The
contacts are connected to the CAZ by linear (lin) and nonlinear (nonlin) resistors representing charge injection [red (inj)] and charge
transport [blue (trans)]. (b) To allow symmetric discretization for L = O um, the boundaries of each unit cell, shown here for the source
region, divide the resistors in half. Capacitances parallel to each transistor and parallel to the transport resistors represent the gate-

dielectric (Cgy;) and the semiconductor layer (C.), respectively.

drain. In each of these regions, charges can accumulate in
the semiconductor at the gate-dielectric interface within the
charge accumulation zone (CAZ). Please note the differ-
ence between the CAZ and the channel. Here, the channel
is the region between the source and the drain related to
the channel length of the transistor. By contrast, the CAZ is
the highly conducting zone close to the gate dielectric that
extends laterally into all regions: the source region, the
drain region, and the channel region, which are depicted in
Fig. 2(a).

In accordance with the principal idea of the gradual
channel approximation, the CAZ is modeled as a series of
ideal transistors. For that reason, we use the NMOS model
of LTspice employing the Shichman-Hodges model for
silicon MOSFETs (see Fig. S2 of the Supplemental
Material [51]) [52]. All individual transistors of the CAZ
are identical, sharing the same parameters: the CAZ
mobility pcaz, the threshold voltage Vy,, the channel width
W, and the length of the respective unit cell. Thus, the series
connection of unit-cell transistors forming the channel
region behaves like a single transistor having the channel
length L. Because it is implemented as a series of individual
transistors, the electrostatic potential distribution along the
channel can be resolved provided that the charge transport
is dominated by drift, which is the case in all regimes of
transistor operation except the subthreshold regime. The
resolution is given by the discretization length L., which
is set to 10 nm for all simulations shown here, although a
larger discretization length (e.g., L4 = 100 nm) is found
to also produce satisfactory results in many cases (see
Fig. S6 of the Supplemental Material for details [51]).

The coupling of the CAZ to the source and drain
contacts is realized by a network of resistors representing
charge injection [indicated in red and abbreviated as “inj”

in Fig. 2(b)] and charge transport [indicated in blue and
abbreviated as “trans” in Fig. 2(b)] [53]. Here, we assume
that charge injection occurs only from the source contact,
not from the drain contact. Charge transport is modeled
according to the Mott-Gurney law describing a space-
charge-limited current [see Eq. (3)], with the most
important parameter being the bulk mobility p, of
the semiconductor [32].

Charge injection is usually described using exponential
equations [54]. However, the computational effort required
to solve exponential equations is substantially greater than
for power-law equations. For certain material systems, the
current-voltage relation for charge injection can, in fact, be
described using a power law [55] and, more generally, a
power law can always be employed to simulate curve trends
over a certain value range. We therefore use a power law for
charge injection, as given by Eq. (1), to phenomenologi-
cally adjust the model to the experimental data using two
independent parameters: j, and a (Vo =1 V).

These nonlinear contributions [visualized in Fig. 2(b) as
variable resistors and abbreviated as ‘“nonlin”’] are both
power laws with an exponent greater than 1, so that the
differential resistance at 0 V tends towards infinity, making
it impossible to find the trivial solution for / =0 A. To
account for this issue, linear resistors [abbreviated as “lin”
in Fig. 2(b)] are introduced in parallel with the nonlinear
elements, for both charge injection (red) and charge trans-
port (blue). The introduction of these linear resistors can be
rationalized by the fact that metal-insulator-metal devices
with efficient charge injection are always characterized by a
linear background conductivity resulting from the charge
density remaining in the device at zero bias [56] and by the
fact that a Taylor expansion of the equations used to describe
the charge injection will typically include a linear compo-
nent. In summary, the linear and nonlinear contributions to
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the contact resistance can be seen as the Ohmic and the non-
Ohmic part of a resistor, respectively.

All equations pertaining to a single unit cell are sum-
marized by Eq. (1)-(4), corresponding to the linear resistors
(Rinjtin> Riransin) and the nonlinear resistors (Riy nonins
Rians.nontin) in Fig. 2(b). Note that, in order to permit
symmetric discretization for L = 0 um, the resistors are
divided in half at the boundaries of each unit cell.

In addition to the static TFT characteristics, circuit
simulators like LTspice can also be used to calculate the
dynamic device properties. We therefore include capacitors
(Cgie) in the equivalent circuit network which account
for the capacitance of the gate dielectric in the channel
region [see Fig. 2(b)]. Likewise, we also include additional
capacitors in parallel to the vertical-charge-transport resis-
tors to account for the capacitance of the semiconductor
layer, corresponding to their area-normalized geometric
capacitance Cy, = €€yt . Through simulations, we find
that, for the TFTs considered here, the effect of the latter
capacitors on the dynamic behavior is insignificant, mainly
because the capacitance of the semiconductor layer is
substantially smaller than the gate-dielectric capacitance,
and because the conductivity of the semiconductor layer is
sufficiently large so that it has a mainly resistive character.
For other TFT geometries, the influence of the capacitance
of the semiconductor layer may be more pronounced.
Together with the resistive elements (arbitrary current
sources representing charge injection and transport, ideal
transistors representing the CAZ), the capacitors form a
complex RC network that is efficiently and accurately
solved by the circuit simulator. For a detailed implementa-
tion, please see the source code in the Supplemental
Material [51]:

VYA
Iinj,nonlin(v) =Jo (V_0> ;mt s (1)
V A
Liniin(V) = pl—m% (2)
9 V2 A
Itrans,nonlin(v) = g €sc€0Mbulk Tﬂ s (3)
22

V A

Tans.in (V) = @%ﬂn 4)

B. Fitting experimental data

The proposed model is utilized to characterize exper-
imental data from TFTs fabricated in the inverted staggered
(bottom-gate, top-contact) architecture using the small-
molecule organic semiconductor pentacene as active
material [57], although the results are applicable to stag-
gered TFTs based on other material systems as well. The
experimental data used to verify the model were published
previously by Kraft et al. [12]. The parameters taken
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FIG.3. (a),(b) Simulated and measured output characteristics of

a pentacene TFT with a channel length of L =4 um, plotted
using linear and logarithmic scales. In the simulations, all
parameters except for the gate-source voltage and the CAZ
mobility are kept constant. Excellent agreement between model
and experiment is achieved both in the linear and the saturation
regimes. (c¢) Dependence of the fit-parameter CAZ mobility on
the gate-source voltage. The dashed line indicates the effective
mobility measured for a TFT with a channel length of 100 ym,
where the influence of the contact resistance on the current-
voltage characteristics—and hence the difference between
the effective mobility and the CAZ mobility—is very small.
The threshold voltage is kept constant during the simulations.

from the experiment are the gate-to-source overlap L g
(200 ym), the gate-to-drain overlap Lcp (200 ym), the
channel width W (200 um), the thickness of the semi-
conductor layer £, (25 nm), and the unit-area capacitance
of the gate dielectric Cgi (700 nF/cm?).

We begin by modeling the measured data of the TFT with
the longest channel length (L = 100 pm) in order to extract
a first guess of basic parameters. For this purpose, the TFT
with the longest channel length is most suitable, due to the
fact that the influence of the contact resistance is smallest
in this TFT. The CAZ mobility (ucaz) and the threshold
voltage (V) obtained from the simulation of this long-
channel TFT are then used to investigate a TFT with a
channel length of 4 ym by including the contact resistance
in the simulation; see Fig. 3. In the first step, the linear
contributions to the contact resistance are adjusted in order
to achieve the best possible agreement between simulated
and measured output characteristics (drain current vs drain-
source voltage) for very small drain-source voltages, i.e., in
the linear regime of operation. However, this procedure leads
to a deviation between model and experiment in the steep-
ness of the curve for absolute drain-source voltages above
0.4 Vand in the level of the saturation regime (see Fig. S3 of
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the Supplemental Material [51]). We observe that the slope
of the curve slightly increases for curves measured with a
large overdrive voltage |Vgg — Vg, i.e., for gate-source
voltages between about —2 and —3 V. Such a behavior leads
to an overshoot in differential output conductance, as
reported by Liu et al. [47]. By contrast, a simulation with
purely linear contact resistances produces a continuous
decrease of the slope of the output curves towards the
saturation regime, consistent with the gradual channel
approximation. In order to accurately capture the experi-
mentally observed slight increase of the differential output
conductance in the linear operation regime in Fig. 3(a), both
the linear and nonlinear contributions to the contact resis-
tance are required in the model, as shown in Fig. 2(b).

This finding raises the question of whether the effects of
charge injection and charge transport on the contact resis-
tance can be clearly distinguished. To answer this question, it
is necessary to decouple the contributions of charge injection
and charge transport. An important difference between
charge injection and charge transport is that charge injection
occurs only in the source region, whereas charge transport
occurs in both the source region and the drain region. Since
the electric-potential drop across the source contact part,
i.e., the source-sided contact voltage Vg = IpRcs [see
Fig. 2(a)], consumes not only part of the applied drain-source
voltage but also part of the applied gate-source voltage, the
effective overdrive voltage (|Vgs — Vi, — Vs|) present in
the channel is smaller than the difference between the applied
gate-source voltage and the threshold voltage (cf. Ref. [39]).
This effect implies that the density of charge carriers
accumulated in the channel by the applied gate field is
smaller than it would be in the absence of a source-sided
contact resistance Rcg. As a consequence, a source-sided
contact resistance causes a reduction of the drain current in
the saturation regime, while a drain-sided contact resistance
only decreases the drain current in the linear regime (see
Fig. S4 of the Supplemental Material [51]). Additionally, a
resistance at the drain has been found to smoothen the
transition between both regimes, which is required to fit the
experimental data correctly (see Fig. S5 of the Supplemental
Material [51]). With this knowledge in mind, we are able
to adjust the nonlinear contribution of the source-sided
contact resistance and the nonlinear contribution of the
drain resistances independently in order to achieve the best
possible agreement between model and experiment in both
the linear and the saturation regime. Please find further
explanations of the fitting procedure in the Supplemental
Material [51].

All simulation parameters are summarized in Table I as a
standard parameter set. The geometry is taken from Ref. [12]
and the relative permittivity of pentacene is assumed to be 4,
in accordance with the literature [58—61]. For all simulated
and fitted curves in this work, the contact resistance accord-
ing to Egs. (1)—(4) is always described by the following five
constant parameters: The current density j, and the exponent

TABLE I. Summary of the standard parameter set for the
modeling of the experimental data. The gate dielectric capaci-
tance, the thickness of the semiconductor layer, the channel
width, and the gate-to-contact overlaps are taken from Ref. [12].
The relative permittivity of pentacene is taken from the literature
[58-61]. Lg;sc and Ay, are the discretization length and the unit-
cell area (Lg;,c W). The five parameters for the contact resistance
are obtained through the initial fitting process and are constant for
all experimental variations, and they are then kept constant for all
subsequent simulations. The transistor parameters pcaz and Vg,
represent the best fit found in Fig. 3 for Vg = —3 V, and in Fig. 4
for L =4 pm, and are then used in all subsequent simulations.

Given values

€sc 4.0

tee 25 nm

Les, Lep 200 pm

w 200 pm

Ciiel 700 nF/cm?
LdiSC 10 nm

Aunit 2 ﬂm2
Contact resistance

Jo 3.9 A/cm?

a 3.0

Pinj 1.75 Qcm?
Hbulk 6x 1073 sz/V S
Dirans 0.0272 Qcm?

Transistor parameters

Heaz 1.0 cm?/V's
Ve, —11V

a modulate the power law used for the charge injection,
whereas the bulk mobility (in the vertical direction) g, is
used to adjust the conductivity of the space-charge-limited
current describing the charge transport. The area-independent
resistances piy and Py, specify the linear contribution of
charge injection and transport, respectively.

After determining the contact resistance from the output
curve measured at the largest gate-source voltage (where
the influence of the contact resistance on the overall device
resistance is greatest), all remaining output curves are
fitted. During this process, the contact resistance and the
threshold voltage are kept constant (i.e., independent of the
gate-source voltage), while the CAZ mobility is adjusted
for each gate-source voltage in order to achieve the best
possible agreement between model and experiment. As can
be seen in Fig. 3(c), the mobility in the semiconductor
channel increases with increasing gate-source voltage,
from 0.65 cm?/V's at a gate-source voltage of —1.5 V to
1.0 cm?/V s at a gate-source voltage of —2.4 V. Assuming
that the carrier density in the CAZ is proportional to the
overdrive voltage |V g — Vi |, this observation reflects the
dependence of the mobility on the carrier density that is
typically observed in organic semiconductors [62,63]. For
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FIG. 4. (a),(b) Simulated and measured output characteristics

of pentacene TFTs with channel lengths ranging from 4 to
100 pm at a gate-source voltage of —3 V, plotted using linear
and logarithmic scales. In the simulations, all contact-resistance
parameters are kept constant, while the CAZ mobility and the
threshold voltage are adjusted for each channel length.
(c) Dependence of the fit parameters’ CAZ mobility and thresh-
old voltage on the channel length. The black dashed line indicates
the effective mobility measured for a TFT with a channel length
of 100 pm. The blue dashed lines indicate the smallest and largest
experimentally determined threshold voltages.

gate-source voltages beyond —2.4 V, Fig. 3(c) indicates
that the CAZ mobility saturates (in this case, at a value of
1.0 cm?/V s). This finding is in agreement with predictions
derived from studies of the Gaussian disorder model which
show that the charge-carrier mobility saturates when about
5% of the molecules in the channel carry an induced charge
[64]. At a gate-source voltage of —2.4 V, the charge-carrier
density in the channel of our TFTs is about 5 x 10" cm™3
[n = Caier(Vs = Vin)/fehannet» With Cgier = 700 nF/cm?,
Vi =—-1.1V, and tynne & 1 nm], which corresponds to
about 5% of the pentacene molecules. Owing to the fact
that a variety of critical device and material parameters can
be analyzed in detail once the behavior of the contact
resistance is known, the semiphenomenological modeling
approach presented here is ideally suited to reveal even
minor parameter changes.

Figure 4(a) shows the output characteristics of TFTs with
channel lengths ranging from 4 to 100 ym, all measured at
a gate-source voltage of —3 V. Having determined the
contact resistance from the TFT with the smallest fabricated
channel length (where the influence of the contact resis-
tance on the current-voltage characteristics is most pro-
nounced), the contact resistance is kept constant when
simulating TFTs with all other channel lengths according to
Table I. When fitting these experimental data, only the CAZ

mobility and the threshold voltage are adjusted, as shown in
Fig. 4(b).

The CAZ mobility pcpz obtained from the simulations
is essentially independent of the channel length and close
to the mobility determined experimentally for the TFT with
the largest channel length of 100 um (cf. Ref. [12]). This is
the expected result since the mobility of the charge carriers
in the semiconductor channel is obviously independent of
the channel length as long as individual crystallites of the
organic semiconductor are much smaller than the channel
length [65]. It is, however, in stark contrast to the effective
mobility extracted from the transfer characteristics of the
TFTs, which shows a pronounced decrease with decreasing
channel length (cf. Ref. [12]) due to the influence of the
contact resistance.

As can be seen in Fig. 4(c), the CAZ mobility varies by
less than 10% from device to device, which makes it
possible to obtain additional insight into the behavior of
the TFT. For example, the absolute value of the threshold
voltage monotonically decreases with decreasing channel
length, and this decrease is most pronounced for the
smallest channel lengths. This is known as threshold-
voltage roll-off and is commonly observed in inorganic
[66-69] as well as organic field-effect transistors [70].
With our alternative simulation approach, we are able to
show that the threshold-voltage roll-off also occurs in
low-voltage TFTs, where detection tends to be difficult.
Besides, we can rule out that it is caused by contact effects,
as they are explicitly included in the model.

The good agreement between the simulation results and
the experimental data illustrates how well this semipheno-
menological approach is able to describe the behavior of
thin-film transistors. Among the five parameters used in the
model, three are directly related to physical properties:
Hpuk Tepresents the carrier mobility in the bulk of the
semiconductor, and pj,; and Py, represent fundamental
characteristics of the contact resistance. Therefore, only
two of the fit parameters (j, and «) are somewhat arbitrary,
but they are directly related to a physical process, and they
are essential to providing an accurate, yet computation-
efficient, approximation of the current-voltage relationship
by a power law (see Fig. S6 of the Supplemental Material
[51]). Often, the exact formula is not known or must be
fitted to the experimental data anyway, so the semipheno-
menological approach is also most target oriented when it
comes to predicting the properties of a particular transistor
design or material system. Therefore, the semiphenomeno-
logical approach makes it possible to easily adapt the model
to any other material system, as it requires no specific
assumptions regarding the material properties.

C. Visualization of the contact resistance

To visualize the fitted contact resistance, related to the
experimental data, and its various dependencies in more
detail, we perform a number of additional simulations and
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calculations based on the TFT architecture presented in
Ref. [12] and using the parameters given in Table I. The
results of these simulations and calculations are presented
in this section.

Both the linear and the nonlinear components of the
current under the source contact are plotted by inserting the
parameters from Table I into Egs. (1) and (2) for freely
chosen voltages. We calculate the current density resulting
from the injection of the charges from the source contact
into the semiconductor, each as a function of the (vertical)
potential drop V., across the circuit elements that are
indicated in red in Fig. 2(b). Since the linear and the
nonlinear subelements of the contact resistance are con-
nected in parallel, we calculate the sum of both contribu-
tions, giving the total current density j;,; resulting from the
charge-injection process, and plot it as a function of the
potential drop; this is the red curve in Fig. 5(a). Likewise,
we calculate the linear and nonlinear components of the
charge-transport current density by applying Egs. (3) and
(4) and plot the sum (jias) as a function of the potential
drop across the circuit elements indicated in blue in
Fig. 2(b); this is the blue curve in Fig. 5(a). Since charge
injection and charge transport occur in series, the total
current density is calculated as

jtot(vvert) = 1 T 1 (5)
jinj ( Vver() jlrans ( Vven)

and plotted as a function of the total voltage drop (i.e., the
sum of the two individual voltage drops); this is the black
curve in Fig. 5(a). The total vertical voltage is the sum of
the vertical voltages needed for charge injection as well as
charge transport. It can be understood as the potential drop
between the source contact and the CAZ. Furthermore, we
define the contact voltage V5, which is the potential drop
between the source contact and the start of the channel
region, as indicated in Fig. 2. The total vertical voltage can
locally differ within the source region and equals the
contact voltage at the start of the channel region.

Given that the fitted bulk mobility (i.e., the carrier
mobility in the vertical direction) is so small
(6 x 1073 cm? /V's; see Table I), one might expect that
the contact resistance would be dominated by the resistance
associated with the transport of the injected charges
through the thickness of the semiconductor layer to the
charge accumulation zone. However, Fig. 5(a) shows that,
for all voltages up to about 30 V, the contact resistance is
instead dominated by the voltage drop associated with the
injection of the charges into the semiconductor; only for
voltages greater than about 30 V is the contact resistance
dominated by the resistance associated with the charge
transport through the bulk of the semiconductor. Still, the
contribution of the charge transport to the contact resistance
is not negligible even at small voltages, as it leads to a
smoother transition between the linear regime and the

(@)
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FIG. 5. Visualization of the modeled contact resistance. (a) Cur-
rent densities due to charge injection (red) and charge transport
(blue) at the source contact, calculated using the parameters
summarized in Table I, including the linear and nonlinear
components, and plotted versus the corresponding vertical
voltage (see the inset). The black curve is the total current
density, calculated using Eq. (5) and plotted as a function of the
sum of the vertical voltages for charge injection and charge
transport. (b) From the total current density, the contact resistivity
(i.e., the area-normalized resistance) of each unit cell under the
source contact is calculated, and both its absolute value pg [the
solid black line; calculated using Eq. (6)] and its differential value
Ps.aitt [the dashed black line; calculated using Eq. (7)] are plotted
as a function of the total vertical voltage. From the source-sided
contact resistivity and the unit-area gate-dielectric capacitance
Ciiel» the transit frequency fr g, as limited by the source contact,
can be estimated using Egs. (8) (the solid blue line) and (9) (the
dashed blue line). (c) The simulated resulting source-sided
contact resistance (normalized to the channel width W) finally
depends on the voltage between the source contact and the
beginning of the channel region (the source-sided contact
voltage V¢ s), which depends on the applied drain-source voltage
Vps, varying from O to —3 V, and the gate-source voltage—
here, -3 V.
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saturation regime in the output characteristics (see Fig. S5
of the Supplemental Material [51]). Figure 5(a) also
shows that the contact resistance is linear for very small
voltages but nonlinear for voltages greater than about 1 V,
which is consistent with results obtained previously on
metal-intrinsic-semiconductor-metal devices and on
doped-semiconductor—intrinsic-semiconductor—doped-
semiconductor devices [56,71,72].

The fact that the charge-transport curve [the blue curve in
Fig. 5(a)] is linear at small voltages is attributed to the
residual background conductivity in the intrinsic region of
the semiconductor, resulting from the diffusion of charges
from the source contact (or from a doped semiconductor
region near the contact interface) into the intrinsic semi-
conductor layer. The fact that the charge-injection curve
[the red curve in Fig. 5(a)] is linear at small voltages is
attributed to the injection laws, which are generally linear at
small voltages, according to a Taylor expansion, e.g., due to
a residual number of charge carriers that remain at the
metal-semiconductor interface. These linear contributions
to the contact resistance are a prerequisite for being able to
treat field-effect transistors in a first-order approximation
by a linear contact resistance. This assumption is used in
the transmission-line method (TLM) to estimate the contact
resistance by extrapolating the device resistance for zero
channel length [25,26]. Hence, our approach reproduces
the result of the TLM in the linear region of the contact
resistance (see Fig. 5) as done by Kraft et al. using
VDS - —01 V, VGS - Vth - —15 V) [12]

Dividing the total vertical voltage by the total current
density yields the (area-independent) contact resistivity at
the source:

%
ps =—". (6)
J tot
which can also be calculated as a differential value:
dVvert
Psdiff = — - 7
S, diff D (7)

In Fig. 5(b), both the absolute value and the differential
value of the source-contact resistivity (pg and pg gir) are
plotted as a function of the total vertical voltage. The
product of the contact resistivity and the unit-area gate-
dielectric capacitance Cg (700 nF/cm?) is a time constant
that describes how rapidly the gate-source capacitance is
charged and discharged when the applied gate-source
voltage is changed, and since the transistor cannot switch
faster than given by this time constant, we can calculate an
upper limit for the transit frequency of the transistor:

1
-, 8
frs 272p5Cicl Y
; B 1 )
T.5.diff — 27ps gitr Cagiel

Figure 5(b) shows that the transit frequency is smaller than
1 MHz as long as the transistor operates in the regime in
which the contact voltage is small, i.e., in which the contact
resistance is linear. This result is valid independent of the
contact length. Only when the contact voltage exceeds
about 0.5 V, the nonlinear contributions to the charge
injection and transport cause a notable decrease of the
contact resistance, resulting in an increase of the maximum
possible transit frequency beyond 1 MHz.

In Fig. 5(b), we plot both the absolute value of the
contact resistivity [see Eq. (6)] and the differential value of
the contact resistivity [see Eq. (7)], as well as the transient
frequencies calculated from these absolute and differential
values of the contact resistivity [see Egs. (8) and (7)] as a
function of the total vertical voltage. In the linear regime
(where the vertical voltage is smaller than 0.5 V), the
deviation between the two values calculated for the
transient frequency is insignificant, but in the nonlinear
regime (where the vertical voltage is greater than 0.5 V), the
transient frequency calculated from the differential value of
the contact resistivity is greater by a factor of about 3 than
the transient frequency calculated from the absolute value
of the contact resistivity. Considering that the transit
frequency relates to the transistors’ small-signal behavior,
it is the differential—rather than the absolute value of the
contact resistivity, and hence the transit frequency calcu-
lated from that differential contact resistivity—that is
relevant here. Figure 5(b) thus illustrates that the nonlinear
contributions to the contact resistance allow the transistor to
operate at higher frequencies than would be possible if the
contact resistance were strictly linear, due to the decrease of
the differential contact resistance at larger vertical voltages.

In Fig. 5(c), the source-sided contact resistance R g,
calculated using Eq. (10), is plotted as a function of the
contact voltage Vg for simulations using four different
contact lengths (100, 10, 1, and 0.1 um), which illustrates
how the contact resistance of staggered thin-film transistors
is affected by the area available for the injection and
transport of the charges. Since the contact voltage depends
only on the total current flow at a certain gate-source
voltage, the current-voltage characteristics of the source
contact [ = I(Vs, Vi.s) are independent of the channel
length and are simulated here for a channel length of 4 um,
a gate-source voltage of —3 V, and drain-source voltages
ranging from close to 0 to —3 V. As can be seen, for these
applied voltages, the source-sided contact voltage Vg
varies from close to 0 to about 2 V:

Res=——. (10)

Like the contact resistivity plotted in Fig. 5(b), the source
resistance in Fig. 5(c) is linear (i.e., independent of the
contact voltage) for contact voltages up to about 0.2 V, but
nonlinear (and monotonically decreasing) when the contact
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voltage increases beyond about 0.2 V. Reducing the contact
length from 100 to 10 um leads to an increase in source
resistance by a factor of only about 2, whereas reducing the
contact length from 10 to 1 gm or from I to 0.1 um leads to
an increase in source resistance by as much as 1 order of
magnitude. The source resistance calculated here for a
contact length of 100 um [the blue curve in Fig. 5(c)] is
virtually identical to the source resistance in the experi-
ments (where the contact length is 200 ym). For small
contact voltages, we calculate a source resistance of
1.2 kQcm, almost identical to the contact resistance
obtained experimentally (1.4 kQcm) using the TLM,
which shows that the TLM is able to produce reliable
results for the linear component of the contact resistance
but fails whenever the contact resistance has a significant
nonlinear contribution [12].

When the contact voltage increases beyond about 0.2 V,
the source-sided contact resistance decreases monotoni-
cally. Interestingly, this decrease in contact resistance with
increasing contact voltage is more pronounced when the
contact length is small [the red and black curves in
Fig. 5(c)]. This relationship can be understood by consid-
ering that a larger contact resistance causes the charges to
be injected and transported within a smaller area under-
neath the source, and, owing to the nonlinear nature of
the contact resistance, this is compensated for by a larger
contact voltage, which also explains why the same applied
drain-source voltage (—3 V) produces a contact voltage of
1 V when the contact length is 100 ym [the blue curve in
Fig. 5(c)], but a contact voltage of 2 V when the contact
length is 0.1 ym [the black curve in Fig. 5(c)].

D. Influence of contact resistance
on TFT performance

To explore the influence of the contact resistance on
the TFT performance, we perform additional simulations,
again using the parameters given in Table I. We find that
the detailed knowledge of the contact resistance obtained
through the simulations discussed in the previous sections
provides valuable insight into various static and dynamic
transistor parameters. For example, in the literature, it is
often assumed that the transfer length, i.e., the characteristic
length over which 63% of the charge-carrier exchange
between the contacts and the semiconductor occurs [25,27],
is independent of the channel length. However, our
simulations reveal that the transfer length does in fact
show a significant dependence on the channel length. This
relation can be seen in Fig. 6, where the simulated current
that flows laterally in the CAZ underneath the source
contact (i.e., in the source region) while collecting the
injected charges is plotted as a function of the lateral
position underneath the source contact (relative to the
contact edge) for TFTs with channel lengths ranging from
200 to 0.1 ym. From these data, the transfer length of the
source contact, Ly g, has been calculated for each channel

Source iChannel

1074 —r T 1 T T T T
Nonlinear . 10’4-5
_5 ] E
z 1 <
g =
£ 53
3 E 10 9:3
g 1078 ] 3
Lr’s. g
= Linear - - 410~
L =200 ym ! Vgs= VDS——3V510
10—7 1 1 1
-20 -15 -10 -5 0

Position with respect to channel start [um]

FIG. 6. Simulated current flowing laterally in the charge
accumulation zone (CAZ) underneath the source contact, plotted
as a function of the lateral position underneath the source contact
relative to the contact edge for TFTs with channel lengths ranging
from 200 to 0.1 um. Also plotted is the transfer length of the
source contact, Ly g, calculated for each channel length. For large
channel lengths, i.e., when the contact voltage is small and the
source resistance is linear [see Fig. 5(c)], the relationship between
the lateral current and the position underneath the source contact
is exponential and the transfer length is large (15 ym). However,
for smaller channel lengths, the contact resistance is nonlinear
and, therefore, the transfer length is smaller.

length, and the results are plotted in Figs. 6 and 7(a). The
results show that when the channel length is large—i.e.,
when the applied drain-source voltage drops mostly along
the channel and thus the vertical contact voltage is small—
the source resistivity is linear [see Fig. 5(b)], and the
relationship between the lateral current and the position
underneath the source contact is exponential. In this case, the
calculated transfer length at the source (15 ym) is virtually
identical to the transfer length obtained experimentally by the
TLM (16 pum;see Ref. [12]). However, in contrast to the TLM,
our approach makes it possible to distinguish between a
source-sided and a drain-sided transfer length. As the channel
length is reduced, the contact voltage increases [see Fig. 5(c)],
the contact resistance becomes nonlinear (see Fig. 5), and the
transfer length thus decreases significantly, to less than 5 ym
for submicron channel lengths. Because this dependence of
the transfer length on the channel length is caused by the
nonlinear contributions to the contact resistance, it is not
captured by the TLM and thus is rarely discussed in the
literature. In our TFTs, the transition from purely linear to
nonlinear contact resistance occurs when the channel length is
smaller than about 50 ym and the channel-width-normalized
drain current exceeds about 20 yA/mm at gate-source and
drain-source voltages of —3 V.

Another aspect that can be quantitatively assessed
through the simulations is the relationship between the
effective carrier mobility p.g, calculated from the drain
current in the saturation regime and the threshold voltage
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FIG. 7. Simulated dependence of (a) the source-sided transfer
length, (b) the effective carrier mobility, and (c) the footprint
current density on the channel length. The dashed line (ideal)
represents zero contact resistance and zero contact length. The
drain-sided transfer length is negligible (Ly , < 50 nm) in the
saturation regime and is thus neglected in (a).

used for the simulations, and the channel Ilength.
Qualitatively, it is well known that the effective mobility
is close to the CAZ mobility for large channel lengths but
decreases significantly for small channel lengths due to the
influence of the contact resistance [12]. With the help of our
simulations, the effective mobility that can be expected for
extremely small channel lengths can be determined as well
[see Fig. 7(b)].

To facilitate meaningful comparisons between the lateral
TFTs considered here and some of the vertical TFTs
reported in the literature [73-77] in terms of the current
per the footprint area, it can be useful to calculate the
footprint current density, which we define as the drain
current divided by the area occupied by the channel region
and the regions underneath the source and drain contacts
through which 63% of the drain current is exchanged with
the charge accumulation zone, i.e., the areas given by the
channel length and the source and drain transfer lengths:

, B 0.631,,
Jfootprmt W(LT,S + L+ LT,D) .

(11)

In Fig. 7(c), the footprint current density calculated
according to Eq. (11) is plotted as a function of the channel
length. As expected, the footprint current density increases
with decreasing channel length, but the increase is smaller
than it would be in the absence of any contact resistance.

Finally, we use the simulation to illustrate the depend-
ence of the transit frequency on the channel length L and
the contact length L. in the presence of nonlinear contact
resistances. We define the transit frequency here as the
frequency that is obtained by plotting the current gain
versus the frequency in a log-log plot and extrapolating the
slope of the curve to unity current gain (see Fig. S7 of the
Supplemental Material [51]). Also, we note that the results
presented here are valid only for the exact geometry and the
exact potentials considered in the simulations. For example,
we will only consider TFTs in which the contact lengths of
the source and drain contacts are identical; in asymmetric
TFTs, the results will obviously be different [78].

The results are shown in Fig. 8. In Fig. 8(a), the
simulated transit frequency is plotted as a function of
the channel length for four different contact lengths. The
dotted line indicates the slope with which the transit
frequency would depend on the channel length if the
contact resistance and the contact length were both zero
(Res =0, Rep =0, Lc =0, and f7 o L72). In reality,
i.e., in the presence of contact resistances, the slope of the
curve fr vs L is significantly smaller, especially at small
channel lengths, due to the influence of the contact resistance
and the parasitic gate-to-contact overlap capacitances [79].
Nevertheless, with all else being equal, a smaller channel
length always leads to a larger transit frequency, simply
because of the smaller intrinsic capacitance.

In Fig. 8(b), the simulated transit frequency is plotted as
a function of the contact length for three different channel
lengths. As can be seen, the transit frequency increases
quite significantly as the contact length is decreased from
100 um to approximately the transfer length. However,
when the contact length is decreased below 1 um, the
contact resistance increases dramatically [see Fig. 5(c)],
which reduces and eventually eliminates the benefit of the
smaller parasitic overlap capacitance [80]. As a result, there
is a channel-length-dependent optimum contact length at
which the transit frequency has its maximum and beyond
which the transit frequency saturates or may actually
decrease. This is an important difference between the
coplanar TFT structure, where reducing the contact length
always leads to an increase in the transit frequency [81,82],
and the staggered TFT structure considered here. However,
Fig. 6(a) illustrates a critical and typically overlooked effect
of the nonlinearity of the contact resistance: At small
channel lengths, the nonlinearity of the contact resistance
results in a larger-than-expected drain current and hence a
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smaller-than-expected transfer length (also seen in Fig. 7).
Because of this smaller-than-expected transfer length, the
benefit of reducing the contact length is extended to
significantly smaller contact lengths than would be involved
if the contact resistance were purely linear, which is a result
that has recently been discussed in the literature [30].

For the pentacene TFTs considered in our simulations,
transit frequencies beyond 1 MHz are predicted for a
channel length of 1 yum and a contact length of 2 ym at
gate-source and drain-source voltages of —3 V. In experi-
ments, frequencies greater than 1 MHz have indeed
been measured on TFTs fabricated with the same device
structure and the same fabrication process as those
considered here, but using a different organic semiconduc-
tor, dinaphtho[2,3-b:2’, 3~ f]thieno|[3,2-b|thiophene [83].
However, Fig. 5(b) clearly shows that the TFTs can operate
at this frequency only because the contact resistance is
nonlinear at these voltages; if the contact resistance of our
TFT were only linear, the maximum transit frequency
would be significantly smaller than 1 MHz. This insight
into the significance of the nonlinearity of the contact
resistance in determining the transit frequency of staggered
TFTs is one of the most important results of our study.

ITII. CONCLUSION

In this work, we introduce a semiphenomenological
approach to model the static and dynamic behavior of
staggered thin-film transistors that provides excellent
agreement with experimental data. The model takes into
account the inherent nonlinearity of the contact resistance,
which is a property that is not captured by the transmission-
line method and hence is usually ignored. The basis for the
model is an equivalent network circuit that includes all
three regions of the TFTs (source, channel, and drain),
describes the linear and nonlinear components of the
injection and transport of the charges, takes into account
the intrinsic and parasitic capacitances, and can be solved in
a relatively short computation time using freely available
simulation software.

As all of the critical electrical potentials and currents are
readily accessible, the model is ideally suited to analyzing

Contact length [um]

the influence of the TFT geometry and dimensions on the
contact resistance and to evaluating hypotheses whenever
experiments reveal unexpected behavior. The physically
correct description of the contact resistance in the simu-
lations makes it possible to analyze a wide range of device
nonidealities, such as threshold-voltage roll-off and carrier-
density-dependent mobility. Our approach can be easily
implemented into a full compact device model with an
integrated simulation level; is able to calculate the static and
dynamic performance of various TFT circuits, such as pixel
or display drivers, depending on the TFT dimensions; and
can thus be helpful in the optimization of the design in terms
of real-estate utilization and high-frequency operation.
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1. PROCEDURE OF A SIMULATION RUN
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FIGURE S1. Sequence of the fitting routine.

Date: October 2017.



2. CALIBRATION OF THE IDEAL TRANSISTOR
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F1Gure S2. Calibration of the LTspice NMOS model to the grad-
ual channel approximation by adjusting the Kp factor of the model.
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3. EFFECT OF NONLINEAR CONTACT RESISTANCE
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FI1GURE S3. Effect of the nonlinear contribution to the contact
resistance. At —Vpg larger than 0.4V, a significant difference be-
tween experiment and model is observed if no nonlinear contribu-
tions are included.




4. EFFECT OF SOURCE- AND DRAIN-SIDED CONTACT RESISTANCE
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FIGURE S4. Influence of a linear contact resistance at the source
and/or at the drain on the output characteristics of an ideal TFT.
Whereas a source-sided resistance decreases the drain current in
both the linear and the saturation regime, a drain-sided resistance
only influences the linear regime, leading to an extended transition
between the linear and the saturation regimes.
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5. EFFECT OF TRANSPORT RESISTANCE

20 000000600006506550 | Simulation:
' — with transport resistance _
< no transport resistance g%
15 135
= 10}
1 i 15
0 Experimental data: 2
o Vgg=-3V 3 _
5 Simulation: | _% Exper\l/menta;d\;;ta.
. . — o = -
—— with transport resistance | A GS
o — no transport resistance | 1r
00 05 10 15 20 25 30 0.1 1
Drain-source voltage -Vpg [V] Drain-source voltage -Vps [V]
FiGURE S5. Effect of the transport resistance. Transport resis-
tance has a minor influence on the contact resistance as can be
seen in the linear regime. However, the transition from linear to
saturation regime becomes smoother in accordance with the ex-
perimental data. As the transport resistance does also influence
the drain region, effects originating from the drain region can be
investigated as well with our model.
6. DISCRETIZATION
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FiGURE S6. Comparison of different discretization lengths of the
unit cell in a) linear and b) double-logarithmic presentation. The
smaller the discretization, the smoother the transition from linear
to saturation regime. The simulated curve is almost constant for
a discretization length of 200 nm or below. Thus, a computation
time of 5s per curve can already be achieved without optimizing
the discretiatzion scheme. The discretization length is constant so
that the number of unit cells per simulation is determined by the
length of the contact and the channel region. For example, a device
with Lc,g = Lep = 200pm and L = 100 pm has 50000 unit cells
are used and the total equivalent circuits consists of more than
390000 single subelements.



7. TRANSIT FREQUENCY

o Simulation

Current gain ip/ig

103 10* 10° 10° 10’
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FiGURE S7. The transit frequency fr is taken from the point
where the f~!-slope at low frequencies extrapolates to unity-
current gain. The red line is a guide to the eye for the procedure
of determining the transit frequency.



8. FITTING PROCEDURE

Fitting is done manually. However, there are some procedures which can help to
fit experimental data, efficiently:

(1)
(2)

(3)

Measure the linear regime in the output characteristic down to a few tens
of mV to clearly see the pure linear regime.

Set all nonlinear components to zero and adjust the linear components to
the linear regime at very low Vpg, use semi-logarithmic plot to "see” the
data at the lowest measured Vpg.

If you assume that the TFT is limited by injection, switch off transport
by using a very high bulk mobility and a very high linear resistivity of the
transport.

The resistivity of the injection and the resistivity of the transport are not in-
dependent. Together with resistance of the channel, they have to reproduce
the resistance in the linear regime at very low Vpg

For fitting, the discretization length can be increased, e.g. to 200 nm, and
later refined when a first guess has been found.

In order to get the properties of the charge accumulation zone (CAZ), i.e.
original transistor parameters, fit a device with negligible contact resistance,
e.g. TFT with a long channel.

If the contact length is very large, e.g. > 100 pm, the transfer length is
often much smaller. Thus, the contact length can be reduced in order to
further decrease the computation time. Later on, one can check if the fit
parameters hold true for the real contact lengths.

By using batch processing, multiple simulations can be done in series to
learn about the effect of a certain fit parameter.
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