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Contact Resistance and Megahertz Operation of
Aggressively Scaled Organic Transistors
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Organic thin-film transistors (TFTs) are of interest for
large-area electronics applications, such as conformable
sensor arrays and flexible active-matrix displays, in which
the TFTs will typically operate at frequencies below about
100 kHz.['] For more demanding applications, such as
high-resolution video displays with integrated row and
column drivers, TFTs capable of operating at frequencies
up to about 10 MHz will be required. The cutoff frequency
fr of a field-effect transistor is often calculated using
Equation (1):[°

et (Yos =Y
for gty (1)
with the effective charge-carrier mobility u g, the gate—source
voltage Vg, the threshold voltage Vy;,, the channel length
L, and the contact length L. The contact length L. is the
distance by which the gate electrode overlaps the source
and drain contacts (see Figure 1a). The reason why L
appears in Equation (1) is that this overlap creates a para-
sitic capacitance that is charged and discharged during each
switching event. Intuitively, the contact length L. should
therefore be minimized to achieve the highest possible cutoff
frequency.[’-*]

Equation (1) suggests that for an effective mobility of
1 cm? (V s)7! and lateral dimensions (L, L¢) of 1 um, a cutoff
frequency of 10 MHz can be achieved at a voltage of 3V (or
a frequency of 100 MHz at 30 V). Effective mobilities around
1 ecm? (V s)7! are indeed commonly measured in organic

TFTs, but usually only if the channel length is much larger
than 1 pm.["l When the channel length is reduced to about
1 um, the channel resistance R, becomes smaller than
the contact resistance R, thus causing the effective mobility
U Of the transistor to drop substantially below the intrinsic
mobility p, of the semiconductor:!'%13]

~ _ ( CGiWRc (Vos = Vin) )2
Hett = o (1 (L+M0CiWRc(VGs*Vm) )

with the gate-dielectric capacitance per unit area C; and
the channel width W. This is why the effective mobility .
in TFTs with aggressively reduced dimensions is usually
below 1 cm? (V s)7!, even if the semiconductor is known
to have a much larger intrinsic mobility p,. This is also why
cutoff frequencies reported for organic TFTs rarely exceed
1 MHz.[781415] A record cutoff frequency of 28 MHz meas-
ured at a relatively high voltage of 25 V has been reported
for TFTs based on the fullerene Cg, having a channel length
of 2 um.["I TFTs based on Cg, as the semiconductor can have
large effective mobilities (2.2 cm? (V s)7! in Reference [16]),
but they cannot be operated in air.

The above-mentioned influence of the channel length
on the effective mobility and on the cutoff frequency of
organic TFTs has been studied in great detail.l'?l Most of
these studies employed TFTs with the coplanar structure,
since in this architecture the source and drain contacts are
fabricated prior to the deposition of the organic semicon-
ductor layer and thus can be patterned with high resolution
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thieno[3,2-b]thiophene  (DNTT)  with
channel lengths L ranging from 60 to 1 um
and well-defined contact lengths L. of
200, 20, 5, and 2 um. To realize top-contact
organic TFTs with such small dimensions
without exposing the semiconductor layer
to potentially harmful organic solvents
during photolithography or electron-beam
lithography,[®! we took advantage of high-
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resolution silicon stencil masks (see Figure
S1, Supporting Information).[26-30]

To fabricate fully patterned TFTs, a
set of four stencil masks is required. The
first mask is used to define the gate elec-
trodes, which consist of 30-nm-thick alu-
minum deposited by thermal evaporation

Figure 1. a) Schematic cross section illustrating the inverted staggered (bottom-gate, top-
contact) organic TFT structure. The extent of the channel length L and of the contact length
L. as well as the structure of the gate dielectric are indicated. b) Photograph showing a
dinaphtho[2,3-b:2’,3"-flthieno[3,2-b]thiophene (DNTT) TFT with a channel length of 1 um and
a contact length of 2 um manufactured using silicon stencil masks. c¢) Scanning electron
microscopy (SEM) image depicting the well-defined channel length of 1 um and the smooth

contact edges. SAM = self-assembled monolayer.

by photolithography or electron-beam lithography. How-
ever, experiments!!?l and simulations!'”) show that coplanar
organic TFTs often have a large contact resistance, since
the gate field is partially shielded by the source and drain
contacts and a channel is thus induced only in the region
between the contacts. As a result, in coplanar organic TFTs
the efficient charge transfer between the contacts and the
semiconductor is limited to the narrow regions where the
gate-induced channel touches the contact edges.'”] In stag-
gered TFTs the source and drain contacts are located oppo-
site the gate dielectric, so the channel extends beyond the
contact edges along the entire contact length L. As a result,
in staggered TFTs the area available for charge transfer is
much larger than in coplanar TFTs,'”] which explains why
staggered organic TFTs often have a smaller contact resist-
ance than coplanar organic TFTs.[?]

An important question arising from these considera-
tions is to what extent the contact length L affects the con-
tact resistance R in staggered organic TFTs. In all previous
studies on the contact resistance of staggered organic TFTs
the contact length L~ was very large (tens of micrometers),
so that the influence of L on R was insignificant.l'>!1811 The
fact that the contact resistance and the effective mobility of
staggered TFTs are indeed affected when the contact length
L is reduced is already known from transistors based on
amorphous silicon,?"l microcrystalline silicon,/*!! carbon nan-
otubes,? silicon nanowires,?’! and graphene.*!

Herein, we provide a rigorous analysis of the complex
relationships between contact length, contact resistance, and
effective mobility in aggressively scaled staggered organic
TFTs. We also show that achieving a high cutoff frequency
in staggered organic TFTs is not as simple as minimizing L
and L, as Equation (1) would suggest. For this study we fab-
ricated staggered (bottom-gate, top-contact) TFTs based on
the air-stable organic semiconductor dinaphtho[2,3-b:2",3"-f]
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in vacuum. With the second mask, small
areas on the aluminum required for elec-
trical probing are covered with 20-nm-
thick gold to prevent the formation of an
insulating layer in these areas. The gate
dielectric is a combination of 3.6-nm-thick
plasma-grown AIO, and a 1.7-nm-thick
tetradecylphosphonic acid self-assembled
monolayer (SAM) and has a capacitance per unit area (C;)
of 800 nF cm 20! Through the third stencil mask a 25-nm-
thick layer of the organic semiconductor DNTT is deposited
by sublimation in vacuum.3'2 Finally, 25-nm-thick gold
source and drain contacts are deposited by thermal evapo-
ration through the fourth stencil mask. The schematic cross
section and a photograph of a completed transistor with
a channel length of 1 um and a contact length of 2 um are
shown in Figure 1b. The SEM image in Figure 1c depicts the
sharp contact edges of a TFT with a channel length of 1 um.
The atomic force microscopy (AFM) image in Figure S2
highlights the well-defined overlaps between the gate elec-
trode and the source and drain contacts that can be achieved
by stencil-mask patterning. All electrical measurements were
performed in ambient air at room temperature.

The electrical characteristics of a DNTT TFT with a large
channel length (L = 60 pm) and large contact length (L. =
200 um) are shown in Figure 2. From the transfer characteris-
tics of this DNTT TFT, an effective mobility of 2.4 cm? (V s)™!
is extracted in both the saturation and the linear region. This
effective mobility is close to the intrinsic mobility of 3 cm?
(V s)™! which we have calculated by applying the transmis-
sion line method (TLM)[>3] to a set of DNTT TFTs with
channel lengths ranging from 60 to 1 pm and a contact length
of 200 um. The TLM analysis also indicates that these TFTs
have a relatively small width-normalized contact resistance
of 0.6 kQ cm (see Figure S3).

When the channel length is reduced, the relative con-
tribution of the contact resistance to the total device resist-
ance increases and, thus, the effective mobility decreases.
For example, the DNTT TFT in Figure S4, which has a small
channel length (1 um) and a large contact length (200 um),
has an effective mobility that is notably smaller than the
intrinsic mobility (0.4 cm? (V s)7! in the saturation region,
0.2 cm? (V s)7! in the linear region). The effective mobilities
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Figure 2. Transfer and output characteristics of a DNTT TFT with relaxed dimensions. The transistor has a channel length of 60 um and a contact
length of 200 um. From the transfer characteristics, effective mobilities of 2.4 cm? (V s)~* (both in the saturation region and in the linear region),

an on/off current ratio of 10°, a subthreshold swing of 100 mV decade™,

of a set of DNTT TFTs with channel lengths ranging from
60 to 1 um and a contact length of 200 um are summarized
in Figure S5. As can be seen, both the saturation mobility
and the linear mobility decrease significantly with decreasing
channel length. This effect is somewhat less pronounced in
the saturation region than in the linear region, presumably
because the contribution of the contact resistance to the total
device resistance is somewhat smaller when the channel near
the drain contact is pinched off.[?] The excellent parameter
uniformity of DNTT TFTs with channel lengths between 1
and 5 um fabricated using high-resolution silicon stencil
masks is demonstrated in Figure 3.

From the TLM analysis in Figure S3 we can also extract
the transfer length Ly, which is the characteristic length
over which 63% of the charge-carrier exchange between the
contacts and the semiconductor occurs.**! For our DNTT
TFTs this transfer length is 10 um, which is in good agree-
ment with previous reports on the transfer length in organic
TFTs.[1218193035] Figure 4 shows that the output characteris-
tics of the DNTT TFTs change dramatically when the con-
tact length L is reduced from a value much larger than the
transfer length L (Figure 4a; L =200 um) to a value similar
to or smaller than the transfer length L (Figure 4b-d; L =
20, 5,2 um). As can be seen, the undesirable nonlinearity of
the drain current at small drain-source voltages becomes

and a threshold voltage of —1.4 V are extracted.

more and more pronounced as the contact length L. is
reduced below the transfer length L. At the same time, the
effective mobility (both in the saturation region and in the
linear region) decreases with decreasing contact length (see
Figure 4e). These observations indicate that reducing the con-
tact length L. below the transfer length L causes the contact
resistance to increase considerably.

To analyze the relationship between the transfer length,
the contact length, and the contact resistance, we applied the
TLM method to sets of DNTT TFTs with contact lengths of
200, 20, 5, and 2 um (see Figure S6). The extracted contact
resistances are 0.6, 0.7, 1.4, and 2.2 kQ cm, respectively (see
Figure 4f). Also included in Figure 4f is the contact resistance
of 9.8 kQ cm which we have recently measured for a stag-
gered DNTT TFT with a contact length of 0.2 um fabricated
by electron-beam lithography,[*?! as well as the theoretically
expected relation between the contact resistance R and the
contact length L given by:[4

)

where Ry, .., is the sheet resistance of the semiconductor layer.
The black curve in Figure 4f is calculated with Equation (3)
using the sheet resistance and the transfer length extracted

Lc
Ly

Rc- W= 2+ Ryt Lrcoth ( (3)
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Figure 3. Transfer characteristics of 47 DNTT TFTs with channel lengths of 1 um (left; 16 TFTs), 2 um (center; 15 TFTs), and 5 um (right; 16 TFTs). All

TFTs have a contact length of 20 um.
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Figure 4. Electrical characteristics of DNTT TFTs for different contact lengths. a—d) Output characteristics of DNTT TFTs with a channel length of 2 um
and contact lengths of 200, 20, 5, and 2 um. When the contact length is large (Lo = 200 um; (a)), the relation between the drain current and the
drain—source voltage at small drain—source voltages is almost linear. When the contact length is reduced close to or below the value of the transfer
length (b—d), the undesirable nonlinearity of the drain current becomes more pronounced. e) Effective mobilities of DNTT TFTs with a channel length
of 2 um as a function of the contact length in the saturation region (red curve) and in the linear region (blue curve). The effective mobilities in both
the saturation and the linear region decrease with decreasing contact length, thereby indicating a systematic increase of the contact resistance.
f) Width-normalized contact resistance as a function of the contact length. The data points indicate contact resistances of 0.6, 0.7, 1.4, and 2.2 kQ
cm measured for contact lengths of 200, 20, 5, and 2 um, respectively. The black curve describes the theoretically expected relation between the
contact resistance and the contact length given by Equation (3), while the red curve is a fit to Equation (4) that takes into account the contribution
of the extended contact length L. Note that the contact resistance of 9.8 kQ cm for a contact length of 0.2 um was not included in the fitting
procedure, since this transistor was fabricated with a different technology.?? The inset illustrates the concept of the extended contact length that
leads to a larger active contact region.

from the TLM analysis summarized in Figure S3 (Rgy,.q contact lengths (L <5 um) the measured contact resistance is
270 kQ sq”!, Ly = 10 um). For long contact lengths (L notably smaller than predicted by Equation (3). The reason is
20 wm) the agreement between the measurement data and that Equation (3) only takes into account the charge transfer
the calculated curve is reasonably good. However, for short between the contacts and the semiconductor channel in
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the direction perpendicular to the surface of the gate elec-
trode (black arrows in the inset of Figure 4f). However,
two-dimensional numerical simulations® suggest that the
electrostatic potential distribution in the organic semicon-
ductor leads to an additional contribution to the charge
transfer between the contacts and the channel in a nonper-
pendicular direction (red arrows in the inset of Figure 4f)
and thus to an additional contribution to the contact length
L. By taking into account this additional contribution, that
is, the extended contact length L., Equation (3) can be
rewritten as follows:

exts

L L
Rc - W =2 Ryt Lrcoth <7C + eXt) (4)
Lt
By fitting the measured contact resistances with

Equation (4), we obtain L., = 0.5 um (see red curve in
Figure 4f). Note that the contact resistance of 9.8 kQ cm for
a contact length of 0.2 um was not included in the fitting pro-
cedure, since this transistor was fabricated with a different
technology (using electron-beam lithography, rather than
stencil masks).

Despite this extension of the contact length, a reduc-
tion of the contact length below the transfer length leads to
a noticeable increase in the contact resistance R and hence
to a significant reduction in the effective mobility pg. This
contact-length dependence of the effective mobility has a
pronounced effect on the cutoff frequency of the transistors.
To illustrate this effect we calculated the cutoff frequency
expected for a staggered organic TFT with an intrinsic
mobility of 3 cm? (V s)™! as a function of the channel length
L and the contact length L. using Equations (1) and (2) and
making four different, more or less realistic assumptions for
the contact resistance R (see Figure 5). Under the assump-
tion that the contact resistance is zero, the cutoff frequency
increases strongly and monotonically with decreasing contact
length and channel length, eventually exceeding 1 GHz for lat-
eral dimensions below 100 nm (R = 0 kQ cm, see Figure 5a).
Assuming that the contact resistance is greater than
zero, but independent of the contact length, the cutoff fre-
quency still increases monotonically, but less strongly (Rq =
0.6 kQ cm, see Figure 5b). Assuming that the contact resist-
ance increases with decreasing contact length as given by
Equation (3) (L., = 0 um), the cutoff frequency reaches a
maximum when the contact length is approximately equal to
the transfer length. However, the cutoff frequency decreases
sharply as the contact length is reduced significantly below
the transfer length (Rc = Rc(L(), see Figure 5c). Finally, we
have taken into account the extended transfer length L, in
the calculation of the cutoff frequency. In this case, the influ-
ence of L on the contact resistance R~ was accounted for
by using Equation (4), and the effect of L, on the parasitic
overlap capacitance was taken into consideration by replacing
Equation (1) with Equation (5):

fom et (Vos — Vin)
T2 L(L+ 2(Le+ Lew)

©)

Figure 5d shows that in this case the cutoff frequency
reaches a plateau for a contact length close to the transfer
length and then remains approximately constant when the
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contact length is reduced further. Note that this surprising
result is not immediately apparent from Equation (5)
alone. As a result of the limiting effect of the transfer
length, the maximum cutoff frequency in this most real-
istic case is only slightly above 1 MHz (see Figure 5d). As
can be seen, achieving a high cutoff frequency in staggered
organic TFTs may not necessarily require a reduction of
the contact length as close to zero as possible. Rather, a
careful analysis of the transfer length of a particular mate-
rial system may eliminate the often difficult compromise
between process robustness and device performance. Also
note that for the simulations pictured in Figure 5c and d,
the transfer length L was taken as equal to 5.5 um, which
is the value calculated from TLM analysis for the most
negative drain-source voltage (-1.5 V) that can be applied
to our TFTs without causing the channel to pinch off
(see Figure S7).

To measure the dynamic performance of our stencil-
mask-patterned DNTT TFTs, we fabricated and character-
ized 11-stage unipolar ring oscillators on glass substrates.
The circuit schematic is shown in Figure S8. A photograph
and a measured output signal are shown in Figure 6a. In
Figure 6b the signal propagation delay per stage extracted
from the measured output signals is plotted as a function
of the supply voltage for two ring oscillators based on
TFTs with different channel length and contact length. For
the ring oscillators with L = 4 um and L = 20 pm (blue
curve in Figure 6b), the simulation in Figure 5d predicts a
cutoff frequency for the TFTs of 200 kHz at a drain—source
voltage of 4 V. Our ring oscillator measurements show a
minimum signal delay per stage of 6 us, which corresponds
to a cutoff frequency of 80 kHz (f; = 1/2t). The more
aggressively scaled ring oscillator employs TFTs with L =
1 wm and L =5 um (red curve in Figure 6b) and oscillates
with a minimum signal delay per stage of 230 ns at a supply
voltage of 4.2 V. For these dimensions the simulation in
Figure 5d predicts a cutoff frequency for the DNTT TFTs
of 0.8 MHz, while the measured signal delay (230 ns) corre-
sponds to a cutoff frequency of 2.2 MHz. As can be seen, the
measurement data and the simulation results in Figure 5d
agree to within a factor of about two or three. Note that the
signal delay per stage is below 1 us even for a supply voltage
of 1.2V.

The IMEC group has reported record signal propaga-
tion delays for organic ring oscillators of 190 ns for a supply
voltage of 13 V and 400 ns for a supply voltage of 10 V.[15:37]
These circuits are based on pentacene TFTs fabricated
on flexible polymeric substrates in the coplanar (bottom-
gate, bottom-contact) device structure with lateral dimen-
sions (L, L) of 2 um. The shortest stage delay of our ring
oscillators (230 ns) is within 20% of that reported by the
IMEC group (190 ns), despite the smaller supply voltages.
For supply voltages below 10 V, the organic ring oscillators
demonstrated in this work are to our knowledge the fastest
reported so far.

One strategy to increase the cutoff frequency of stag-
gered TFTs beyond the few megahertz demonstrated here
is to reduce the transfer length Ly, since this will allow the
contact length L (and hence the overlap capacitance) to
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Figure 5. Simulated relation between the channel length, contact length, and cutoff frequency of staggered TFTs using four different assumptions
for the contact resistance. a) Assumption 1: The contact resistance is zero. b) Assumption 2: The contact resistance is greater than zero (0.6 kQ cm)
and independent of the contact length. ¢) Assumption 3: The contact resistance depends on the contact length as given by Equation (3): Lo, =0 um.
d) Assumption 4: The contact resistance depends on the contact length as given by Equation (4): L, = 0.5 um. For all four simulations, the gate
overdrive voltage (Vs—V;,) was set to —1.6 V and the drain—source voltage (V,s) to —4 V.

also be reduced without increasing the contact resistance. For  the transfer length of staggered organic TFTs is area-selective
example, for a transfer length of 1 um, a contact length of contact doping with a strong organic dopant,?l and contact
1 wm, and a channel length of 1 um our simulations predict a lengths as small as 1 pum (and below) can be achieved with
cutoff frequency of 10 MHz. A promising approach to reduce  self-alignment techniques.!®!
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Figure 6. Unipolar ring oscillators based on DNTT TFTs. a) Output signal of a ring oscillator based on DNTT TFTs with a channel length of 1 um and
a contact length of 5 um measured at a supply voltage of 3.5 V. The inset shows a photograph of the ring oscillator. b) Signal propagation delay
per stage as a function of the supply voltage for 11-stage ring oscillators based on DNTT TFTs having a channel length of 4 um and a contact length
of 20 um, and on TFTs having a channel length of 1 um and a contact length of 5 um. For the latter, a minimum signal delay of 230 ns per stage
was measured at a supply voltage of 4.2 V.
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