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ABSTRACT

Thin-film transistors (TFTs), e.g., based on organic semiconductors, oxides, perovskites, and two-dimensional materials (such as graphene
or MoS2), are often fabricated without patterning a rectangular channel strip between the contacts, to keep the fabrication flow simple and
the material pristine. However, this makes it difficult to extract current density and mobility due to fringing currents, which, if ignored, lead
to overestimation of these device metrics. Furthermore, the extent of current spreading varies wildly from device to device depending on
geometry, bias, as well as transport characteristics such as contact resistance and velocity saturation. We explore the impact of each of these
factors through detailed simulations and discuss the subtle ways in which bias-dependent fringe currents can impact device characteristics.
For TFTs where contact resistance and velocity saturation are negligible, we provide a simple analytical model that quantifies fringe currents
with an error of ≤ 0.01% in common geometries. For unpatterned-channel TFTs with significant contact resistance or velocity saturation,
our simulations reveal that either effect can more than double the fringe current. This can translate to the overestimation of current density
and mobility by over 70%, even in devices with a contact width over 10× the channel length. If patterning the channel and using very wide
contacts are impractical, proper device characterization thus necessitates correcting for fringe currents. By highlighting the utility of simula-
tions and analytical models in this endeavor, this work provides insights into greatly assisting the rapid quantitative assessment of TFTs and
intuition for identifying the intricate effects of current spreading on device characteristics.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0266349

I. INTRODUCTION

In the course of research on new materials for transistors, it is
not uncommon to do field-effect measurements on test structures
that comprise an extremely simple process flow. A typical experi-
mental approach would start with a highly doped Si substrate with
thermally grown SiO2 used for back-gating. Onto this substrate, the
thin-film semiconductor under investigation is deposited, followed
by the formation of electrical contacts by, e.g., shadow evaporation
or lithographic patterning of metals. Often an important step is left
out, which is the patterning of the semiconductor channel to

accurately define the path of current flow and confine it to one
direction. Reasons for this can be manifold, like the unavailability
of mature lithography or etch processes, environmental or solvent
instability of the material under investigation, or avoiding damage
to the channel (e.g., by introducing defects or edge roughness)
during processing. Such an approach is especially common in
organic/polymer,1,2 oxide,3–5 perovskite,6–11 graphene,12–16 black
phosphorus,17–21 and other two-dimensional (2D) material22–29

research, e.g., for 2D transistors fabricated on mechanically exfo-
liated material flakes. Figures 1(a) and 1(b) show simulated
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current densities in typical examples of devices of this kind fre-
quently found in the literature. Another type of transistor is
sometimes encountered where the channel is intentionally pat-
terned wider than the contacts—as depicted in Fig. 1(c)—to
obtain higher currents and improve high-frequency perfor-
mance, for instance.30,31

However, none of these device types have a well-defined rectan-
gular strip of channel with uniform current density, like in Fig. 1(d).
Instead, the channel is often wider than the source and drain
contact electrodes, causing fringe currents to flow between them
and precluding straightforward extraction of the current density or
mobility, which are crucial performance metrics. Fringe currents
have been visualized experimentally by measuring the potential32

or temperature30 distribution across devices. Using the latter

approach, we have mapped the current density distribution in pat-
terned and unpatterned indium tin oxide (ITO) transistors,33 as
shown in Figs. 2(a) and 2(b), respectively. It can be seen that the
unpatterned device has current flowing in an area wider than the
contact width. The details of the devices, self-heating measure-
ments, and data processing are provided in Sec. S1 in the
supplementary material.

In studies that feature unpatterned-channel thin-film transis-
tors (TFTs), often only the total drain current is reported, without
estimating the width-normalized current density, which is an
important quantity for comparing different transistors or for
extracting intrinsic parameters such as mobility. Current density
in unpatterned-channel TFTs is sometimes extracted by simply
dividing the current by the contact width, thus neglecting the

FIG. 1. Lateral current density distribution in several thin-film transistors (TFTs) in linear region, with negligible contact resistance and velocity saturation. Colors represent
the current density J, normalized by the current density J1D of a patterned-channel TFT with the same contact spacing (color bar to the right of the figure). Arrows indicate
the current density direction. The colored lines are equipotential curves. The gated channel area is delineated by a white line (the gate is not shown and could be above or
below the channel). (a) An interdigitated unpatterned-channel TFT where the entire device area overlaps with the gate electrode, usually a global back gate in the form of
a conductive substrate. This geometry is common in devices with a solution-processed channel. Not accounting for fringe currents overestimates the current density by
47%. (b) Current distribution in an unpatterned TFT with an irregularly shaped channel. This kind of geometry is especially common in 2D material research. Neglecting
fringe currents overestimates the current density by 55%. (c) Current distribution in a TFT with the channel wider than the contacts. In addition to unpatterned-channel
TFTs that sometimes have such geometry, the channel can be intentionally patterned this way to improve high-frequency performance. Neglecting fringe currents causes a
current density overestimation of 82%. (d) Current density J1D in a patterned-channel TFT, with channel width less than contact width.
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fringe currents. This causes the current density, mobility, and trans-
conductance to be substantially overestimated in many cases, by an
amount depending on the device geometry as well as other parame-
ters to be discussed in this work.

Okamura et al.38 previously noted that studies using
unpatterned-channel TFTs reported much higher mobilities than
those with patterned channels, and argued using experiments and
simulations that the former were overestimated due to fringe cur-
rents. Dipu Kabir et al.39 described a model that can estimate the
fringe current flow in unpatterned-channel organic TFTs with
approximations obtained by conformal mapping techniques.
However, the calculations require values that are numerically pre-
computed and/or stored in a look-up table. Chen et al.32 examined
fringe currents in IGZO and a-Si:H TFTs of various geometries,
visualizing the potential variation using scanning Kelvin probe
microscopy. They observed that fringe currents are nearly indepen-
dent of bias voltages in the linear and saturation regimes, but did not
provide further insights or discussions on the matter. Pei et al.2

studied fringe current contributions in organic TFTs starting with
unpatterned devices, and later patterning the channel by scratching it
with a probe tip. They measured slightly lower fringe currents in the
saturation regime, attributing them to the electric field distribution
during pinch-off, an assumption we revisit in this study. Daus et al.22

fabricated monolayer MoS2 TFTs on flexible substrates, and used
simulations to extract width-normalized currents, accounting for the
effect of device geometry and contact resistance on current spread-
ing. The way contact resistance (RC) and velocity saturation (VS)
impact fringe currents is generally absent in the literature (except in
Daus et al.,22 where RC is considered), despite the fact that these
effects are typically prominent in short-channel devices. In addition,
although the role of the device bias point on current spreading has
been noted to be minor or negligible,2,32 deeper insights into this
effect are lacking.

In the present work, motivated by our recent experimental
study,22 we formulate the problem of fringe currents in unpatterned
TFTs in terms of a minimal set of parameters that quantify the
device geometry, bias, and transport properties (including RC,

contact transfer length, and VS), and then explore the effect of each
of these aspects on a correction factor (CF) that accounts for fringe
currents. For devices where RC and VS are negligible, we provide a
simple analytical expression to account for the fringe currents,
without requiring look-up tables or numerical iteration.

II. METHODS

Consider an n-channel TFT with an unpatterned-channel
whose top view is given in Fig. 1(c). We may express the current
through it as

I ¼ WJ1D þ 2If , (1)

where W is the contact width and J1D is the current per unit width
(i.e., current density). Here, the first term corresponds to the
current of an identical TFT patterned with a channel width of W
where current flow is “one-dimensional” (1D), while the second
term is the contribution from the fringe current If that flows on
either side of the channel (hence the factor of 2). We may also
write Eq. (1) as

I ¼ CF�WJ1D, (2)

where we have introduced a correction factor CF = 1 + 2If/(WJ1D)≥ 1
as the ratio of the unpatterned-channel TFT current to that it would
have with a properly defined channel. In practice, I is typically mea-
sured directly with the goal of estimating J1D: the performance
metric that is directly linked to device parameters of interest, such as
RC and the channel carrier mobility μn. If one can predict CF, one
can estimate J1D.

22 On the other hand, because J1D= I/(CF⋅W),
assuming CF = 1 and neglecting current spreading can significantly
overestimate J1D and result in serious material or device mischarac-
terization. To aid in the extraction of J1D, the focus of this study is to
model the impacts of various device parameters on CF.

Both J1D and CF are functions of a set of device, material, and
bias parameters, {pi}, some of which may be unknown, such as μn,
RC, and saturation velocity. Even if one knows the functions J1D({pi})

FIG. 2. Current density maps extracted from thermal measurements on (a) a patterned and (b) an unpatterned-channel indium tin oxide (ITO) transistor. Solid white lines
delineate the patterned channel in (a). Fringe currents can be clearly seen in the unpatterned device. First, the self-heating induced temperature rise of each device is
mapped via scanning thermal microscopy.34–37 Current density is then extracted by using the fact that the temperature rise at each point is approximately proportional to
the square of the local current density. (c) Cross section of the measured device geometry, along the direction marked with dashed lines in panels (a) and (b).
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and CF({pi}) precisely, the total current is proportional to their
product [see Eq. (2)], and different sets of {pi} can yield the same
total current. In other words, measuring I is generally not enough to
uniquely and exactly determine {pi} and, hence, J1D and CF. For
example, a high μn and high RC can yield the same device current as
a low μn and low RC.

22 Still, if one knows the total current I and the
function CF({pi}), with reasonable bounds on the unknown parame-
ters {pi}, one can determine {pi} and J1D with acceptable uncertainty,
without neglecting the effects of fringe currents. This approach is
illustrated in our previous experimental work,22 which we revisit in
Sec. S2 in the supplementary material and expand upon in the
framework of the present paper. Therefore, precise determination of
CF({pi}) is important for accurate characterization of unpatterned-
channel TFTs, and is the goal of this work.

Suppose for the time being that the unpatterned-channel TFT
is otherwise ideal (i.e., with negligible RC and VS) and deep in the
linear region, i.e., Vov≫VDS, where Vov =VGS−VT is the overdrive
voltage, VDS is the drain–source voltage, VGS is the gate–source
voltage, and VT is the threshold voltage for an n-channel device.
The channel then has a nearly uniform sheet conductance
Gsh = μnCoxVov, where Cox is the gate insulator capacitance per unit
area, and we may write the patterned-channel device current as

WJ1D ¼ GshVDS
W
L
: (3)

In order to eliminate the trivial dependence of If on channel
conductance and bias, we introduce a normalized fringe current
if = If/(GshVDS) such that

I ¼ WJ1D þ 2If ¼ GshVDS
W
L

1þ 2
if

W/L

� �
: (4)

In general, dropping the requirements that VDS be small and RC
and VS be negligible, we may write

I ¼ 1þ 2
if

W/L

� �
WJ1D, (5)

where J1D is the current per unit width of a transistor with a pat-
terned channel such as that in Fig. 1(d), and the normalized fringe
current is defined generally as if = If/(LJ1D). We note that
J1D =GshVDS/L when RC and VS can be neglected and VDS≪ Vov

[i.e., in Eq. (3)], but its general form is more complex and will be
discussed below. Comparing Eq. (5) with Eq. (2), we see that CF
and if are directly related through

CF ¼ 1þ 2
if

W/L
: (6)

CF is easy to interpret as the factor by which the current in an
unpatterned TFT exceeds that in a patterned-channel TFT and,
hence, the factor by which current density and mobility are overes-
timated if current spreading is not accounted for. However, we
shall see in Sec. III A that if is almost independent of W and L in
many cases, so it is a more convenient parameter than CF for
quantifying current spreading.

At high electric fields, rather than increasing linearly with the
field, electron (or hole) drift velocity approaches a constant satura-
tion velocity vsat, which in crystalline semiconductors is caused pri-
marily by hot carriers losing energy to optical phonons.40 To
model field-dependent drift velocity, we adopt the simple
Caughey–Thomas VS model41 with parameter β = 1, in which the
low-field electron mobility μn along the channel is locally reduced
by a factor of [1 + (|E|/Ec)

β]1/β, where E is the lateral electric field
and Ec = vsat/μn is the critical field.42,43 This model has been
applied—sometimes with different values of parameter β—to crys-
talline44,45 and amorphous46 Si, transition metal dichalcogenides,47

graphene,48 and amorphous oxides49 (with modification to account
for trapped charge carriers). VS with field-dependent velocity
similar to that given by the Caughey–Thomas model has also been
observed in organic semiconductors and attributed to either optical
phonon emission by hot carriers or band non-parabolicity.50,51

To model contact resistance, we assume that both the drain
and source contacts are characterized by the same specific contact
resistivity ρC, and that the sheet conductance of the semiconductor
overlapping with contact electrodes is Gsh,C (in general, this will be
different from the sheet conductance in the channel due to the
electrostatic influence of the contact metal, or due to defects intro-
duced by metal deposition). We also use the well-known results of
the transmission line model for contact resistance52–54 to write Gsh,

C and ρC in terms of contact resistance (per unit contact width) RC

and transfer length LT, quantities that are typically easier to
measure using, e.g., transfer length method test structures:

ρC ¼ RCLT

coth
LC
LT

,

Gsh,C ¼ LT
RC

coth
LC
LT

:

(7)

For purely one-dimensional (1D) charge transport (as in a
patterned channel), in the standard gradual channel approximation
with drift current, the width-normalized drain current in the linear
(triode) regime is given by43

J1D ¼ μnCox

1þ V 0
DS

LEc

1
L

V 0
ovV

0
DS �

V 02
DS

2

� �
, (8)

where V 0
DS =VDS− 2RCJ1D and V 0

ov =Vov− RCJ1D, the drain–source
and overdrive voltages are reduced by the series voltage drops in
the contacts due to RC (within the assumption that source and
drain contact resistances are both RC). Saturation current can be
obtained as the maximum value attained by the expression in
Eq. (8) as VDS is varied. The closed-form solution to Eq. (8) as well
as expressions for the saturation current J1D,sat and voltage VDS,sat

are provided in Sec. S3 in the supplementary material. The depen-
dence of CF and if on mechanisms causing the current to increase
beyond J1D,sat as VDS is increased past VDS,sat (e.g., channel length
modulation and drain-induced barrier lowering) is not investigated
in this study. In general, exact closed-form solutions are not avail-
able for a TFT with an unpatterned-channel and lateral current
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spreading, necessitating numerical solutions. In this work, we use
the finite-element method (FEM) to simulate transport in such
unpatterned-channel TFTs: the mathematical formulation of the
general problem solved numerically is described in detail in Sec. S4
in the supplementary material.

A TFT has many parameters describing its geometry (W, L,
LC), transport properties (μn, Cox, vsat, RC, LT), and bias voltages
(Vov, VDS): all of these influence the fringe current, some of them
in ways that are tightly connected. To study the dependence of
current spreading on geometry, transport, and bias while keeping
the number of variables manageable, we prove in Sec. S5 in the
supplementary material that these parameters can be decoupled
and distilled down to six dimensionless parameters listed in Table I
on which the CF and if depend exclusively.

w =W/L is the aspect ratio of the strip of the channel that lies
between the contacts. ℓC = LC/L quantifies the length of the contact
metal overlap with the channel. ℓT = LT/L quantifies the contact
transfer length. r is the ratio of RC to the channel resistance for a
patterned-channel TFT at VDS≈ 0, and thus quantifies how contact
dominated the device is. s quantifies the current degradation due to
VS: note that the effective mobility of a patterned-channel TFT
with RC = 0 is μn/(1 + s) [see Eq. (8)]. Finally, v = VDS/Vov deter-
mines the device’s bias point, specifically how close the channel is
to pinch-off. For negligible RC (r≅ 0) and VS (s≅ 0), the device is
in the linear regime for v < 1 and reaches saturation (i.e., pinch-off )
at v = 1. Increasing RC (and, hence, r) increases the value of v at
which the device reaches saturation, and decreasing Ec (increasing s)
has the opposite effect.

To keep the problem space manageable, we restrict the quanti-
tative results in this work to the unpatterned device geometry in
Fig. 1(c) with the total semiconductor film width WF that is large
enough not to affect the current distribution. WF can be considered
large enough if WF≳W + 2LC, and if this is not the case, an addi-
tional parameter such as wF =WF/L could be added to those in
Table I. We note that the parameters in Table I may be implicitly
connected or may depend on additional parameters. For example,
r might have an additional implicit dependence on Vov due to
bias-dependent mobility or might depend on the channel material
and thickness through their influence on effective Cox. The current
spreading analysis should take these dependencies into account by
using the correct set of parameters for the device and the bias
point at hand. If these dependencies are not known a priori, as is
often the case in practice, one may assign physically sensible
bounds to unknown parameters, which will translate to a (hope-
fully acceptable) uncertainty in the estimated J1D and CF. This
approach is illustrated in Sec. S2 in the supplementary material.

III. RESULTS AND DISCUSSION

A. Current spreading for ideal transport

In this section, we analyze the case where transport in the
channel is “ideal” in the sense that RC and VS are both negligible.
This is often a good approximation for long-channel (≳ 1 μm) tran-
sistors at moderate VDS and will also establish a reference with which
“non-ideal” devices can be compared. To study how the normalized
fringe current if, and hence CF, are influenced by geometry alone,
we also restrict the discussion in this section to VDS≪ Vov,

although this restriction will be shown to be unnecessary in
Sec. III D. Under these conditions, the differential equation for
channel potential [Eq. (S8) in the supplementary material]
reduces to Laplace’s equation, with constant potential (Dirichlet)
boundary conditions at the contacts.

Conformal mapping techniques (the Schwarz–Christoffel
transformation in particular)55 have long been used to solve
Laplace’s equation on relatively complex geometries for applications
in electrostatics,56–58 heat transfer,59,60 fluid mechanics,61 and
more.62 With a suitable conformal map, it is possible to obtain an
exact analytical expression for if in the case of infinitely wide con-
tacts (w =W/L→∞):

i f ,ideal ¼ 1
π
[(1þ ‘C) log (1þ ‘C)� ‘C log ‘C þ log 2], (9)

where ℓC = LC/L, and the corresponding CFideal is calculated via
Eq. (6). A derivation is provided in Sec. S6 in the supplementary
material. Equation (9) has previously been reported (without deri-
vation) to arise from the solution to a mathematically equivalent
boundary value problem63 and is also applicable to the calculation
of the fringe capacitance per unit length of a symmetric strip trans-
mission line of infinite width.64

Remarkably, while the normalized fringe current given by
Eq. (9) is only strictly valid for aspect ratio w→∞, if turns out to
be almost independent of w for all but very small w, as shown in
Fig. 3(a). With LC > 0.3L, if deviates from if,ideal by < 3% for
0.1≤w≤ 1, and only by < 0.01% for w≥ 1 (with even better agree-
ment for higher LC), so Eq. (9) is an excellent approximation for
the typical unpatterned-channel transistors where RC and VS are

TABLE I. The six dimensionless parameters that affect current spreading in
unpatterned-channel TFTs.

Parameter Significance

w =W/L Channel aspect ratio
ℓC = LC/L Normalized contact length (length of overlap

of contact electrode and channel)
ℓT = LT/L Normalized contact transfer length. ℓC≫ ℓT

means electrically long (or “edge”) contacts,
ℓC≪ ℓT means electrically short contacts.

r=G0
shRC/L

= μnCoxVovRC/L
1D contact resistance, normalized by 1D
channel resistance. Quantifies how
contact dominated the device current is.
Here, G0

sh = μnCoxVov is the semiconductor
sheet conductance for VDS≪ Vov, i.e., deep
in the linear regime.

s =VDS/(LEc) Velocity saturation parameter. 1D current
degradation term due to VS. Ratio of the
average lateral field to the critical field.
Quantifies how VS limited the device
current is.

v =VDS/Vov Bias parameter. Quantifies how close the
device is to pinch-off (saturation).
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negligible. As such, it establishes a useful baseline to which the CF
and if results for devices with non-zero transport (ℓT, r, s) and bias
(v) parameters can be compared.

Figure 3(a) also indicates that current spreading increases with
LC. This can be better understood by comparing Figs. 3(b) and 3(c):
the current density distribution extends further along the y direction
in the device with longer contacts. It is shown in Sec. S7 in the
supplementary material that outside the strip of the channel between
the contacts, current density drops as roughly as ∝ |y−W/2|–1 as one
moves away from the center of the channel along the +y direction up
to y =W/2 + LC and decays exponentially thereafter with a decay cons-
tant on the order of L + LC.

B. The effect of contact resistance

In devices where RC is not negligible, the contact resistance
parameter r has different effects on current fringing, depending on
the current transfer length at the contact, LT. The voltage drop
across a contact happens in a region within about LT of the contact
perimeter. Consequently, devices with LC≫ LT (i.e., ℓC≫ ℓT) have
contacts that are electrically long. In such devices, a higher RC
forces the current to spread farther along the sides of the contacts
to counteract the increasing voltage drop across contacts as shown
in Fig. 4(a) [compare with Fig. 4(b) which shows a device with neg-
ligible RC]. This causes fringe current and, hence, the CF and if, to
increase with the increasing contact resistance parameter r, as can
be seen in Fig. 4(c).

As an example, from Eqs. (6) and (9), a device with
W = LC = 10L and negligible RC has CFideal− 1 = (2L/W)if,ideal = 26%,
which represents current density overestimation due to fringe cur-
rents in the “ideal device.” For LT≈ 0 and r = 1 (which can be
viewed as the boundary between the channel-limited and contact-
limited regimes), the same device has CF− 1 = 51%, rising to
CF− 1 = 70% and beyond for r≥ 2. This would represent a substan-
tial overestimation of current density and mobility, if not accounted
for. In the extreme limit r≫ 1 (describing a completely contact-
limited device, with negligible channel resistance), the current is
evenly spread out along the contact perimeter, so the total device

resistance is inversely proportional to (and the current is directly
proportional to) the contact perimeter W + 2LC. Because this perime-
ter is simply W for a patterned device [see Fig. 1(d)], in this limit,
CF = I/(WJ1D)≅ (W + 2LC)/W = 1 + 2ℓC/w by Eq. (2) and if≅ ℓC by
Eq. (6).

The current spreading behavior can be substantially different
in devices where LT is not negligible compared to LC, as illustrated
in Fig. 4(d). The effect of LT is to reduce the effective contact width
where the current density is close to its peak value (J≅ J1D), which
can be seen by comparing Fig. 4(b)–4(e). Increasing LT thus
decreases the total current and, hence CF and if. In devices with
electrically short contacts (LC≪ LT or ℓC≪ ℓT), which can be
found in, e.g., in graphene65 and black phosphorus66 TFTs (where
contacts may have LT > 1 μm), current is spread across the entire
contact area WLC rather than just the perimeter W + 2LC.
For r≫ 1 where the channel resistance is negligible, the current
flow between the contact metal and the channel is limited by, and
thus proportional to, the contact area WLC [Rtot≅ 2ρC/(WLC)]. A
patterned device with the same geometry parameters has the same
contact area and, hence, current. Therefore, very large r and ℓT
lead to CF≅ 1 and if≅ 0.

If RC is not negligible, fringe currents cause device characteris-
tics to differ from those of a patterned device in ways that are more
subtle than a constant scaling factor. Consider the transfer charac-
teristics of the partially contact-limited patterned-channel TFT,
given as solid lines in Fig. 4(f ) (assuming for the moment that RC
does not depend on Vov). An unpatterned TFT with the same
parameters and LT≪ LC (electrically long contacts) yields charac-
teristics [dashed lines in Fig. 4(f )] that differ from those of the pat-
terned device (solid lines) by a CF that depends on Vov.

For small Vov [the inset of Fig. 4(f)], RC can be considered
negligible relative to the channel resistance (r≪ 1), so the
unpatterned device current is greater by about CFideal − 1
= 2(L/W)if,ideal = 54%, from Eqs. (6) and (9). At higher Vov, the
device begins to become contact dominated, with r reaching
and then exceeding 1. As a result, following the trend in Fig. 4(c), CF
increases with Vov, reaching ∼100% at Vov = 6 V. This bias-

FIG. 3. (a) Fringe current overestima-
tion CF− 1 (solid lines and square
markers, left axis) and normalized
fringe current if (dotted lines and trian-
gular markers, right axis) as a function
of the aspect ratio w =W/L for different
normalized contact lengths ℓC = LC/L, if
RC and VS are negligible. The markers
are numerical simulation results, the
lines are the results of the analytical
approximation Eq. (9). (b, c) Top-down
view of current density distribution for
(b) shorter contacts (LC = 0.5L) and (c)
longer contacts (LC = 2L). The current
density is normalized to that of a pat-
terned channel TFT [Fig. 1(d)] with the
same dimensions. Only a quarter of
each device is shown, utilizing the
lengthwise and widthwise symmetries.
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dependent fringe current contribution can have subtle effects like
partially masking signs of a contact-limited device. Notice that for
low VDS, the unpatterned device current fails to asymptote to a cons-
tant RC-limited value at high Vov, but continues to increase along
with the CF.

The effect of fringe currents on the characteristics of devices with
LT≫ LC (electrically short contacts) is limited in comparison, as can
be seen in Fig. 4(g). For small Vov, we still have CFideal− 1 = 54% as in
Fig. 4(f). The device again becomes contact limited at high Vov, but
following Fig. 4(d) for large ℓT, CF decreases. The patterned and
unpatterned characteristics thus approximately converge at high Vov. It
should be mentioned that while the assumption of Vov-independent
RC can work well in, e.g., top-contacted, top-gated devices where the

contacts shield the semiconductor underneath from the gate influence,
it is likely to fail in, e.g., back-gated devices in which the contacts are
“gated.” Thus, the gate bias dependence of CF and if is also influenced
by the device structure. Finally, for non-zero RC, Vov and VDS also
have a weak influence on CF via the bias parameter v, which will be
discussed in Sec. III D.

C. The effect of velocity saturation

In devices that are impacted by VS (i.e., where s is not negligi-
ble), current seeks roundabout pathways that avoid regions of the
channel with high lateral field, which have higher sheet resistance.
In other words, because the shortest lateral distance between

FIG. 4. (a) The normalized current distribution in a device with resistive, electrically long contacts (r = 2, ℓT = LT/L≅ 0). Only a quarter of the device geometry is shown.
Current is spread farther along the sides of the contacts, so fringe current is considerably higher than (b) a device with RC = 0. (c) Normalized fringe current as a function
of contact resistance parameter r, for contact lengths LC = 2L, 5L, and 10L, W/L = 10, and ℓT = LT/L≅ 0 (electrically long device). Dotted lines indicate if,ideal [Eq. (9)].
(d) Normalized fringe current as a function of r and ℓT = LT/L, for the same ℓC and w, showing that the fringe current contribution to total current decreases with contact
resistance in electrically short devices (LT≫ LC). (e) The normalized current distribution in a device with resistive contacts (r = 2) and ℓT = LT/L = 1. Current density drops
gradually deep into the contacts, resulting in a reduction of the width of the region between the contacts where maximum current density exists. This can be loosely under-
stood as a reduction in effective contact width, resulting in lower current and, hence, a CF lower than that of a device with negligible RC (panel b). (f ) Comparison of the
transfer characteristics of a patterned-channel TFT (solid lines) with those of an unpatterned-channel (dashed lines). The device parameters are L = 1 μm, W = 4 μm,
LC = 5 μm, μnCox = 10 μA/V

2, RC = 30 kΩ⋅μm, LT≅ 0 (electrically long contacts). The contact resistance parameter r varies with Vov, with r = 0.3 at Vov = 1 V. Here, we
assume RC is independent of Vov, but the qualitative trends remain valid as long as RC varies more slowly with Vov than the channel resistance. (g) The same comparison
with the same device parameters, except for LT = 100 μm≫ LC (electrically short contacts). The effect of fringe currents on unpatterned device characteristics is
suppressed considerably in a device with electrically short contacts compared to long contacts (panel f ).
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contacts has the highest field (comparable to or greater than Ec),
this is also the most resistive region, forcing more of the current to
take fringing paths that have lower lateral fields and thus lower
resistivity. The result is more fringe current spreading than in a
device with negligible VS, as can be seen by comparing Figs. 5(a)
and 5(b) and, hence, a higher CF and if, as shown in Fig. 5(c). The
impact of VS on fringe current is thus similar to that of RC with
electrically long contacts (LC≫ LT or ℓC≫ ℓT).

Like RC, VS in unpatterned-channel devices can cause device
characteristics to deviate substantially from expected behavior.
Increasing VDS increases the average lateral field in the channel, and
hence s, causing the CF and current to increase. This is illustrated in
Fig. 5(d), which compares the output characteristics of unpatterned-
and patterned-channel devices whose currents are limited by VS, as
can be discerned from the evenly spaced saturation currents for
increasing Vov. Due to the VDS dependence of CF through the VS
parameter s, the current of the unpatterned-channel device continues
to increase with VDS even after the device reaches the pinch-off, thus
reducing the device output resistance (∂I/∂VDS)

−1. As with Vov,
increasing VDS also influences the CF via the bias parameter v, but
this happens to be a negligible effect as will be discussed in Sec. III D.

D. The effect of the bias parameter

In this section, we take a closer look at the weak dependence
of CF on the bias regime (i.e., v = VDS/Vov) that has been noted in
the literature.2,32 When VS is negligible (s = 0) and VDS≪Vov, the
sheet conductance G0

sh = μnCoxVov in the channel is uniform and
the electrostatic potential V in the channel obeys Laplace’s equation
∇2V = 0, with the current density given by J = –G0

sh∇V (Ohm’s law
with uniform sheet conductance, see Eq. (S7) of Sec. S2 in the
supplementary material). For more general bias conditions,
however (v =VDS/Vov > 0), the channel potential obeys the nonlin-
ear Eq. (S8) of Sec. S4 in the supplementary material, with
J =−Gsh∇V =−μnCox(Vov−V)∇V. We can define an effective

potential f = [1−V/(2Vov)]V in terms of the channel potential,
which reduces Eq. (S8) in the supplementary material to Laplace’s
equation ∇2f = 0, even when VDS is not much smaller than Vov.
Moreover, the current density can then be expressed as
J =−G0

sh∇f, a form identical to that in a device that has uniform
sheet conductance G0

sh, with V replaced by f.
Furthermore, if we have negligible RC (r = 0), then the drain

and source contacts simply become Dirichlet boundary conditions
f = (1− v/2)VDS and f = 0, respectively. Thus, the problem is
reduced to one in which current flows in a channel with uniform
sheet conductance G0

sh, with potential difference (1− v/2)VDS

applied across it. Since v =VDS/Vov affects the voltage applied
across this channel but not its sheet conductance, it has no effect
on the “shape” of current distribution, so it does not affect CF.
Thus, the results of Sec. III A apply equally well when v is not neg-
ligible, as long as RC and VS are negligible. The fact that the shape
of current distribution does not depend on VDS is illustrated in
Figs. 6(a) and 6(b).

When RC is appreciable (r > 0) with electrically long contacts
(LT≪ LC), the current tends to spread out along the contact perim-
eter in response, as discussed in Sec. III B. However, when the
device is in or close to the saturation regime (v > 0), the current
cannot spread out along the drain perimeter as effectively because
the high channel potential near the drain increases the sheet resis-
tance here. Thus, the current does not spread out as much and the
CF is reduced, as can be seen by comparing Figs. 6(c) and 6(d).
The reduction of if with the bias parameter v is given in Fig. 6(e),
which shows that v has a relatively weak influence on current
spreading, peaking at around r≅ 3, where the device current is
severely contact-limited. We may, thus, at least partially attribute
the small reduction of CF in the saturation regime observed in
Ref. 2 (where a bias-dependent r > 0.1 was estimated) to RC.

The bias parameter has a similar but much weaker effect on
the fringe current in TFTs that are affected by VS as shown in

FIG. 5. (a) The normalized current distribution in a device with VS parameter s = 5. Fringe current is considerably higher than (b) a device without VS. (c) Normalized
fringe current as a function of s, for several different contact lengths and w =W/L = 10. The dotted lines indicate if,ideal [Eq. (9)]. (d) The output characteristics of patterned-
(solid lines) and unpatterned-channel (dashed lines) TFTs with VS. The device parameters are L = 1 μm, W = 4 μm, LC = 5 μm, μnCox = 10 μA/V

2 and Ec = 5 kV/cm, corre-
sponding to s = 2 at VDS = 1 V. The unpatterned device current is higher by CF− 1≥ 54% due to fringe currents. This factor rises to 160% with increasing VDS, caused by
increased VS in the channel (higher s).
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Fig. 6(f): the reduction of normalized fringe current if at saturation,
relative to its value at v = 0, is less than 1%. Finally, we stress that
the relatively weak influence of v on if should not be understood to
mean that the bias voltages cannot affect current spreading or
device characteristics appreciably because, as noted in Secs. III B
and III C , RC and VS parameters r and s also depend on Vov and
VDS, respectively.

IV. CONCLUSIONS

Through an analytical model and simulations, we have quanti-
fied the influence of geometry, bias, and transport properties on
fringe currents in thin-film transistors without a channel patterned
into a rectangular strip narrower than the contacts. If not corrected,
the fringe current contribution causes current density and mobility
to be overestimated. For unpatterned-channel transistors, we pre-
sented the first systematic analysis of resistive contacts (including
transfer length) and velocity saturation, which affect advanced short-
channel devices. We have shown that each can more than double the

relative contribution of fringe currents, causing up to 70% mobility
overestimation in typical unpatterned devices. Furthermore, the rela-
tive contribution of fringe currents in such devices is bias-dependent,
which can confound the interpretation of measured device character-
istics and the extraction of transport parameters. In particular,
current spreading can obscure signs of high contact resistance in
device measurements, or degrade the output resistance (∂I/∂VDS)

−1

in devices that suffer from velocity saturation.
Fortunately, these effects can at least partially be accounted for

through simulations for a more reliable extraction of performance
metrics. In the particular case of devices where contact resistance
and velocity saturation are negligible, we have shown that bias volt-
ages do not influence the fringe current contribution, and that
current density and mobility can be calculated with ease—without
look-up tables or iterative methods—using a very accurate analytical
expression for the correction factor. Nonetheless, it is advisable to
properly pattern the transistor channel whenever possible. If this
proves impractical, contacts should be defined with W/L > 100,
which limits the fringe current contribution to < 7% in most cases.

FIG. 6. (a) Current distribution and equipotential lines in a device at the edge of saturation (Vov = VDS = 1 V). Note that the current density is symmetric, even though the
channel is pinched off near the drain contact. (b) Current distribution in the same device, where the lines correspond to equally spaced contours of a constant effective
potential f = [1− V/(2Vov)]V instead, where V is the electrostatic potential. These lines are exactly the same as the equipotential lines in a device with VDS≪ Vov [see
Fig. 3(c)], and the normalized current distribution is likewise identical as it is proportional to −∇f. (c) The current distribution in a device with contact resistance parameter
r = 2 biased at pinch-off (VDS = Vov). The black lines are contours of equal current density to aid in the visualization of reduced current spreading along the side of the
drain compared to the source. (d) The same device with VDS≪ Vov is used for reference. (e) Normalized fringe current if as a function of bias parameter v = VDS/Vov for
different contact resistance parameters r and electrically long contacts (LT≪ LC). r is spaced logarithmically by 2 steps/decade and labeled on the curves. (f ) if as a func-
tion of v for several velocity saturation VS parameters s. s is spaced logarithmically by 2 steps/decade and labeled on the curves. v is varied up to the point the device
enters the saturation regime, which occurs at v < 1 because VS results in VDS,sat < Vov.
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SUPPLEMENTARY MATERIAL

See the supplementary material that includes (1) details of the
experimental procedure for mapping current density; (2) an
example that reassesses the fringe current correction attempt of our
prior experimental work22 where velocity saturation was neglected;
(3) closed-form expressions for the drain current and saturation
voltage for a patterned-channel transistor; (4) the general formula-
tion of the 2D current flow problem in an unpatterned-channel
TFT; (5) a demonstration that the dimensionless parameters in
Table I uniquely characterize the “shape” of current distribution in
an unpatterned TFT; (6) an exact derivation of the fringe current
in an infinitely wide unpatterned TFT; and (7) quantitative details
of the decay of current density away from the contacts.
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