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ABSTRACT: Using the transmission line method (TLM), we
extracted the contact resistance of organic thin-film transistors
(TFTs) based on five different vacuum-deposited small-
molecule semiconductors fabricated on over 500 substrates. In S ‘

the first part of this report, we illustrate how the reliability of the BT -
TLM analysis is affected by the statistical uncertainty that arises

from the fitting procedure and by the systematic error that is
introduced if the actual channel length of the TFTs deviates from the nominal channel length. In the second part, we show
that the contact resistance of organic TFTs varies significantly from one fabrication run to the next (and even across substrates
fabricated within the same fabrication run), no matter how much care is taken to keep all controllable fabrication-process
parameters constant. A statistical analysis reveals no strong correlations between the contact resistance and environmental
parameters present during TFT fabrication, such as the humidity in the laboratory or the base pressure of the vacuum during
material depositions. This suggests that the observed variation in the contact resistance is mainly stochastic. For the TFTs
based on the best-performing semiconductor, the contact resistance varies between 28 Qcm and 1 kQcm, with a median value
of 160 Qcm.
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The dynamic performance of organic thin-film transistors
(TFTs) depends on a variety of device parameters such as the
charge-carrier mobility, the channel length, the gate-dielectric
capacitance, and the contact resistance. However, it has been
shown that when the channel length is below about 10 ym and
the intrinsic channel mobility is greater than about 1 cm?/(V
s) (which is the case for most high-performing organic TFTs
reported in literature), then the transit frequency of organic
TFTs will be limited mainly by the contact resistance. A
better understanding of what determines the contact resistance
of organic TFTs and how it can be further reduced is thus of
great importance.” ™"

The channel-width-normalized contact resistance of organic
TFTs reported in the literature (more than 400 reports) varies
from about 10° Qcm to as small as 1 Qcm.” Such a wide range
(9 orders of magnitude) can be explained mainly by the fact
that organic TFTs are being fabricated using a wide range of
functional materials, fabrication methods, and device archi-
tectures. For example, for TFTs fabricated in the bottom-gate,
top-contact (inverted staggered) device architecture, Kraft et
al°~® and Rolin et al.” reported contact resistances ranging
from 0.16 to 13.8 kQcm, depending on the choice of the
organic semiconductor (DPh-DNTT, DNTT, C,,-DNTT,
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C,o-DNBDT, C4-BTBT, tetracenothiophene, anthradithio-
phene, pentacene). For C;;-DNTT TFTs fabricated in the
bottom-gate, top-contact device architecture, Zeng et al.’’
reported contact resistances ranging from 14 to 800 Qcm,
depending on the contact metal (Pt, Au) and the metal-
deposition process (vacuum deposition, lamination). For
poly(3-hexylthiophene) TFTs fabricated in the bottom-gate,
bottom-contact (inverted coplanar) device architecture, Biirgi
et al.'' reported an even stronger dependence on the contact
metal (Au, Ag, Cu, Cr), with contact resistances ranging from
5 kQcm to S MQcm. For TFTs fabricated in the staggered top-
gate device architecture using TIPS-pentacene as the semi-
conductor and Au for the source/drain contacts, Choi et al."?
reported contact resistances ranging from 11 to 351 kQcm,
depending on the contact treatment (MoO3, Mo(tfd);, PFBT).
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Figure 1. (a) Schematic cross-section of organic TFTs fabricated in the bottom-gate, bottom-contact (inverted coplanar) device architecture.
(b) Chemical structures of the molecules used in this study: organic semiconductors DPh-DNTT, DNTT, DN4T, PhC,—~BQQDI and
N1100, thiols PFBT and MeSTP for contact functionalization, and n-tetradecylphosphonic acid as part of the hybrid gate dielectric (having a
unit-area capacitance Cgy of 0.6 #F/cm?). (c) Typical transfer characteristics of DPh-DNTT TFTs with channel lengths ranging from 4 to 60
pm, measured at a drain-source voltage of —0.1 V. (d) Transfer characteristic of a DPh-DNTT TFT with a channel length of 4 um. (e) TLM

analysis: total device resistance (R = Vps/Ip) at a gate-overdrive voltage (Vg —

V) of —2 V (corresponding to a charge-carrier

concentration of 6.9 X 10'> cm™2) plotted versus the channel length. The statistical fitting error (uncertainty) ¢ is indicated by the
confidence interval. (f) Effective charge-carrier mobility ¢ plotted vs the channel length. From this graph, the intrinsic channel mobility p,

can be extracted by fitting eq 4 to the data.

For bottom-gate DPh-DNTT TFTs, Borchert et al."” reported
contact resistances of 29 Qcm for TFTs fabricated in the
coplanar device architecture and 56 Qcm for TFTs fabricated
in the staggered device architecture. These results illustrate
how important the details of the fabrication process are for
device performance, especially for the contact resistance.
However, even when organic TFTs are fabricated using the
same device architecture and identical materials and methods,
the measured contact resistance often varies noticeably
between individual fabrication runs. This obviously renders
the development of reliable approaches to the fabrication of
organic TFT's that reproducibly exhibit low contact resistance
quite challenging. In the pursuit of a better understanding of
such variability, we report on a study in which we fabricated
several hundred substrates with organic TFTs over a period of
several years and extracted the contact resistance of the TFTs
using the transmission line method (TLM) within two hours
after device fabrication. The measured contact resistances are
close to the smallest values reported for the respective
semiconductors. However, we found an unexpectedly large
variation in the measured contact resistance despite the fact
that identical materials and methods were employed for the
fabrication of the TFTs. Here, we focus mainly on TFTs
fabricated in the bottom-gate, bottom-contact (inverted
coplanar) device architecture (illustrated in Figure 1a), using
the vacuum-deposited small-molecule semiconductor 2,9-
diphenyl-dinaphtho[2,3-b:2',3’-f ]thieno[3,2-b]thiophene
(DPh-DNTT) (molecular structure shown in Figure 1b).'*

9916

The source/drain contacts were prepared using vacuum-
deposited gold, functionalized with a chemisorbed monolayer
of pentafluorobenzenethiol (PFBT) to increase its work
function.> This combination of device architecture and
functional materials was chosen since TFT's fabricated in this
manner were previously found to have the smallest contact
resistance reported so far for organic TFTs (10 Qcm),'®"”
aside from two reports of electrolyte-gated organic TFTs
whose contact resistance benefits from the large carrier density
induced in the semiconductor by the electrolyte.”'® For the
coplanar DPh-DNTT TFTs considered here, we measured
contact resistances ranging from 28 Qcm to almost 1 kQcm.
To illustrate that this large variation of the contact resistance is
not unique to this particular device architecture or this
particular combination of materials, we additionally show
results from TFTs fabricated in the bottom-gate, top-contact
(inverted staggered) device architecture and from TFTs
fabricated by using other organic semiconductors. The relevant
energy levels of these materials are summarized in Figure S1.

To try to explain the large variation in contact resistance
observed in this study, we investigated possible correlations
between the measured contact resistances and the environ-
mental parameters that were present at the time when the
TFTs were fabricated and characterized. These parameters
include the ambient humidity in the laboratory and the base
pressure in the vacuum system during the deposition of the
organic semiconductor and the source/drain metal. The
correlations we found between these environmental parame-
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Figure 2. (a) SEM image of a TFT with Au source/drain contacts patterned by stencil lithography. The nominal channel length (L,,,,) is 2
pm, but the SEM image indicates that the actual channel length (L, ) is 2.53 gm, i.e., AL = L,y — Lyom = 0.53 pm. (b) Actual channel
length L., of over 1100 TFTs (measured by SEM) plotted versus the nominal channel length L,,,.. For most TFTs, the actual channel
length is larger than the nominal channel length by about 0.6 um. (c) The value that is extracted for the contact resistance of DPh-DNTT
TFTs when the actual channel lengths are used in the TLM analysis, (RcW),qap is smaller by about 10% than the value of the contact
resistance that is extracted when the nominal channel lengths are used, (RcW) o, (d) The same data plotted in a different manner to better
illustrate the relative deviation between (RcW), . and (RcW),on. The data shown in this figure illustrate that for DPh-DNTTs TFTs
fabricated by stencil lithography, RcW will be overestimated by about 10% in case AL is not properly accounted for in the TLM analysis,

regardless of the general magnitude of RcW.

ters and the measured contact resistance are weaker than
anticipated; even the largest correlation coeflicient is no greater
than ¢ = 0.25.

RESULTS AND DISCUSSION

Given the importance of extracting the contact resistance
properly, we will start by briefly reviewing some of the
considerations when applying the TLM, in particular, the
importance of accurately determining the actual channel length
of the TFTs and the influence of the sheet resistance of the
semiconductor.

General Approach. The transmission line method (TLM)
separates the total device resistance R, into the channel
resistance Ry, (associated with charge transport through the
semiconductor in the lateral direction) and the contact
resistance Rc (the sum of source resistance Rcg and drain
resistance Rc,D); as shown in eq 1. The contact resistance is
obtained by extrapolating the linear fit of the total device
resistance as a function of channel length L to a channel length
of zero, where R, = R, as seen from eq 2. To allow
benchmarking, the resistances are normalized to the channel
Wldth) i'e'l RtotalW and RCW

Rtotal = Rch + (RC,S + RC,D) = Rch + RC

L 1

ch W sheet sheet //lo Cdiel(v(;s _ ‘/th)

(1)
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L

R -
HoCaial(Vas = Vin)

+ R W

totaIW =

@)

Here, Ry.. is the sheet resistance of the semiconductor
layer, p, is the intrinsic channel mobility, Cy, is the unit-area
capacitance of the gate dielectric, Vg is the gate-source
voltage, and Vy, is the threshold voltage. Note that channel
resistance Ry, depends on L, while contact resistance R is
independent of L. The total device resistance R, is obtained
by measuring the drain current I, as a function of the applied
gate-source voltage Vs for a fixed drain-source voltage Vi, so
that R, = Vpg/Ip. Within the gradual channel approximation
and in the linear regime of operation (Vpg < Vg — Vi), the
drain current is described by

w
—H

I, =
D Leff

VDS
Cdiel(VGS — Vn — T)VDS

)

where p.¢ is the effective charge-carrier mobility.

Figure lc—e illustrates the extraction of the device
parameters. For each channel length, the linear increase of I
in the transfer characteristic is fitted with eq 3 to extract the
threshold voltage Vy, and the effective charge-carrier mobility
Mg The intrinsic channel mobility 4, can be either extracted
from eq 2 or calculated via

(4)
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Figure 3. Impact of the sheet resistance of the semiconductor on the reliability of the contact resistance extracted by TLM. Shown are results
from TFTs based on (a) DPh-DNTT, (b) DNTT, (c) PhC,—BQQDI, and (d) DN4T. For each TLM analysis, the statistical uncertainty ¢
associated with the fitting procedure, as well as the systematic error ARcW that is introduced if the TLM analysis is performed using the
nominal instead of the actual channel lengths, is indicated. The magnitude of AR:W depends on both AL and on Ry,... When Ry, is small,
AR:W is small (e.g., 5% RcW for DPh-DNTT); when Ry, is large, ARcW is large (and may even exceed the value of RcW, as in the case of
DN4T).

Table 1. Summary of the Device Parameters from Figure 3%

Organic Ho Rypeet AL -Rypeet AL
semiconductor (ReW) e = 0 [Qcm]  [em?/(V s)] [(MQ/[] [um]  ARW [Qcm] (ARW)/ (ReW)nom [Qcm] A [pum]
DPh-DNTT 69 + 3 7.2 0.17 +0.6 —4 -0.05 —-10 4.06
DNTT 287 + 11 3.9 0.40 +1.1 —43 -0.13 —44 7.18
PhC,—BQQDI 126 + 12 1.0 1.39 +0.9 —106 —0.46 —-125 091
DN4T 25 + 43 0.9 2.15 +0.4 —-28 -0.53 —86 0.12

“Channel-width-normalized contact resistance extracted by performing the TLM analysis using the actual channel lengths (RcW), e Statistical
uncertainty ¢ of the contact resistance associated with the linear regression; intrinsic channel mobility yo; sheet resistance of the semiconductor
Rypees median deviation between the actual and nominal channel length AL; systematic error of the contact resistance that would be introduced if
the TLM analysis was performed using the nominal, rather than the actual channel lengths (absolute error ARcW; relative error (ARcW)/
(RcW) om); product of the sheet resistance of the semiconductor Ry, and the median deviation between the actual and nominal channel length
AL (according to eq S), this would be the systematic error ARCW if AL was identical for all TFTs); channel length A below which the channel
resistance Ry W is smaller than the extracted contact resistance RcW (this is the minimum channel length that should be included in the TLM
analysis in order to obtain a trustworthy value for the contact resistance).

where L,/, is a characteristic channel length at which the contacts were patterned using stencil lithography.”' With this
contact resistance equals the channel resistance.”*’ For our method, the deviation between L., and L, originates
purposes, L, serves as merely a fitting parameter. An mainly from shadowing effects during the vacuum deposition
extrapolation of RyuW to L = 0 yields the channel-width- of the source/drain metal through the openings in the mask
normalized contact resistance RcW for each value of the gate- (see Figure $2).”*** For the TFTs presented here, we found
overdrive voltage Vg — Vy, (in the example in Figure 1: RcW that the median deviation AL obtained from over 1100 TFTs
=69 Qcm for Vg — Vi, = =2 V). The gate-overdrive voltage on over 200 substrates fabricated over the course of three years
corresponds to the density of mobile charge carriers in the is +0.6 pm, without any discernible systematic dependence of
channel via 1 = |Cq(Vgs — Vip)l/q, where q is the elementary AL on the nominal channel length (see Figures 2 and S3). In

other words, for the TFT-fabrication process employed here,
the actual channel length L, is larger than the nominal
channel length L, by about 0.6 gm. If the TLM analysis were
performed using the values for the nominal channel length
L, rather than the actual channel lengths L, the
following systematic error would be introduced to the
extracted channel-width-normalized contact resistance:

charge. According to eq 1, the slope of the R, W versus L
relation yields the sheet resistance Ry

Note that the fitting procedure performed using eq 2 is
inherently associated with a statistical error (or uncertainty) o,
which is connected to the quality of the fit R%. This uncertainty
is illustrated in Figure 1d as a confidence interval that
represents possible deviations from the extracted value Rc-W +
o. In the example of Figure 1, it amounts to (69 + 5) Qcm. _

Reliability of l.'heg TLM Analysis. To improve the ARW = (RcW) ~ (RcW)
reliability of the TLM analysis, we included TFTs with a = (Ripal — Ripeet'Lactua) = Riotal — Reneet' Lnom)
wide range of channel lengths, typically from L = 2 to 80 ym.
Rather than taking the nominal channel length L, at face ~Rpeet (Lactuat = Lnom)

actual nom

value, we determined the actual channel length L, of all = —Rg..AL (s)

TFTs from scanning electron microscopy (SEM) images. The

deviation AL = L.y — Luom dlepends on the lithograp}‘ly ARW “Ry. AL

method employed for the patterning of the source and drain =

contacts. For the TFTs in this study, the Au source/drain (R setual RcW (6)
9918 https://doi.org/10.1021/acsnano.4c15828
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Figure 4. Histograms of the channel-width-normalized contact resistance RcW of a large number of DPh-DNTT p-channel TFTs (a), DNTT
p-channel TFTs (b), and PhC,—BQQDI n-channel TFTs (c), all fabricated in the bottom-gate, bottom-contact (inverted coplanar) device
architecture. The median values and the 25% and 75% percentiles of the distribution are (160 ***°_,;) Qcm for the DPh-DNTT TFTs, (305
+140_ 20) Qcm for the DNTT TFTs, and (575 **°_,)) Qcm for the PhC,—BQQDI TFTs. The substrates were fabricated over a period of
three years, and the TLM measurements were conducted within two hours of device fabrication. On each of the 174 substrates, at least five
(most often eight) TFTs with channel lengths ranging from at least 4—50 gm were measured.

In other words, for AL > 0, RcW would be overestimated
(ARCW < 0), and for AL < 0, RcW would be underestimated
(ARCW > 0), in case the TLM analysis was performed using
the nominal channel lengths. For the TFT's presented here, AL
is positive (median +0.6 pm), and RcW would therefore be
overestimated (ARCW < 0). Note that this systematic error
AR:W is a different entity than the statistical uncertainty ¢
associated with the fitting procedure (illustrated in Figure 1d).

Under the assumption that the value of AL is the same for
each TFT, the systematic error ARcW can be estimated by
using eq S. However, since AL is slightly different for each
TFT (see Figure S3), a simple addition of eqs 2 and S is not
sufficient, and the TLM analysis should take into account the
individual values of AL for each TFT. Since the difference
between the actual channel length L, and the nominal
channel length L, is not systematically dependent on L,
the ratio L,/ Lo increases with decreasing L, (see Figure
S4); however, this has no implications on the reliability of the
TLM analysis.

Eq 5 indicates that the systematic error ARCW depends not
only on AL, but also on the sheet resistance of the
semiconductor: the greater Ry, is, the more the reliability
of the TLM analysis will be compromised if AL is not taken
into account in the TLM analysis. This is illustrated in Figure
3, which shows TLM results from TFTs fabricated by using
four different organic semiconductors: DPh-DNTT, DNTT,*
N,N’-diphenethyl-3,4,9,10-benzo[ de]isoquinolino-[1,8-gh]-
quinoline-tetracarboxylic diimide (PhC,—BQQDI)** and
naphtho[2,3-b]thieno-[2"”,3":4”,5" ]thieno-[2",3":4',5"]-
thieno-[3',2-b]naphtho[2,3-b]thiophene (DN4T).*® The re-
spective sheet resistances are listed in Table 1; as can be seen,
the relative impact of ARcW is indeed larger for greater Ry,
The DPh-DNTT, DNTT, and DN4T TFTs are p-channel
transistors, while the PhC,—BQQDI TFTs are n-channel
transistors. In each graph, we show the TLM analysis
performed using the nominal channel lengths, yielding
(RcW) oy and the TLM analysis performed using the actual
channel lengths, yielding (RcW),qua- Comparing the values
extracted for (RcW),om and (RcW),qa in Figure 3 shows that
the systematic error ARCW = (RcW)yewal — (RcW)jom 18 quite
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small when the sheet resistance of the semiconductor is small
(e.g, DPh-DNTT), but much larger when the sheet resistance
is large (in particular for PhC,—BQQDI). The systematic error
amounts to ARcW = —4 Qcm or about —5% of (RcW),,, for
DPh-DNTT; ARcW = —43 Qcm or about —13% for DNTT;
AR:W = —106 Qcm or about —46% for PhC,—BQQDI;
AR:W = =28 Qcm or about —53% for DN4T. Depending on
the sheet resistance, the contact resistance would therefore be
overestimated significantly in the case that AL is not properly
accounted for in the TLM analysis.

The sheet resistance of the semiconductor affects not only
the systematic error ARCW but also the statistical uncertainty ¢
that arises from the fitting procedure. To illustrate this, the
statistical uncertainty from each TLM analysis is indicated in
Figure 3. Figure 3a shows that when the sheet resistance is
small (0.17 MQ/[] for DPh-DNTT), the statistical
uncertainty o is also small (amounting to only 4% of RcW in
the case of the DPh-DNTT transistors), as expected from
theory.27 However, in extreme cases in which the contact
resistance is small and the sheet resistance of the semi-
conductor is large (e.g., in the DN4T TFTs with Ry.e = 2.15
MQ/[], shown in Figure 3d), the statistical uncertainty can
even be larger than the contact resistance ((RcW),equa = 25
Qcm; ¢ = 43 Qcm), which obviously renders the TLM results
questionable. For a reliable extraction of the contact resistance
in such cases (i.e., when the contact resistance is small and the
sheet resistance of the semiconductor is large), the TLM
analysis should include TFTs with (actual) channel lengths
that are sufficiently small so that the channel resistance of the
shortest TFT (Ru,W = Ry-L) is smaller than the contact
resistance. (The fact that TFTs with a very small channel
length may be contact-limited is irrelevant here, and the TLM
analysis will still be valid.)

In Figure 3d, the DN4T TFT with the smallest channel
length (L, = 1.3 pm) has a channel resistance of Ry,W =
280 Qcm, which is considerably larger than the extracted
contact resistance of ReW = (25 + 43) Qcm, rendering the
value of the contact resistance unreliable. To obtain a
meaningful value for the contact resistance of these TFTs,
we would need to fabricate TFTs with a channel length of
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Figure 5. Statistics of the channel-width-normalized contact resistance RcW (a—c), the intrinsic channel mobility p, (d—f), and the threshold
voltage Vy, (g—i) of more than 1000 DPh-DNTT TFTs fabricated in the bottom-gate, bottom-contact (inverted coplanar) device
architecture on more than 100 substrates over a period of three years. The parameters were extracted from electrical measurements
performed within two hours after device fabrication. They are plotted versus the relative humidity in the laboratory during device fabrication
rH (a,d,g), versus the base pressure in the vacuum system during the deposition of the organic semiconductor pggc (b,e;h), and versus the
base pressure in the vacuum system during the deposition of the source/drain contacts p.ypece (6f)i). Each data point for Vi, represents an
average of all TFTs measured on a single substrate. Dashed lines represent fits to the data. The R? values of these fits are very small, between

0.02 and 0.1, which reinforces the weakness of the correlations.

Lol < A = (ReW) jcruat/ Ryjee = 0.12 pm. Since this is beyond
the capabilities of stencil lithography,”" we have to accept the
smallest measured total resistance (RuW = 280 Qcm for
L, = 1.3 um) as the upper limit for the contact resistance of
these DN4T TFTs, even though this might grossly over-
estimate the actual contact resistance. For comparison, the
DPh-DNTT TFT with the smallest channel length in Figure 3a
(Lpctual = 1.4 um) has a channel resistance R;,W of 88 Qcm,
which is comparable to the extracted contact resistance (RcW
= 69 Qcm +3 Qcm), implying that this particular value of the
contact resistance can be trusted.

Substrate-to-Substrate Variation of the Contact
Resistance. Over a period of three years, we fabricated
several hundred substrates with nominally identical TFTs and
extracted the contact resistance by TLM, as described above.
In doing so, we found a noticeable spread of the contact
resistance, despite the fact that the TFT's were fabricated using
the same materials and processes, and despite the fact that the
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measurements were always performed within two hours after
completion of the TFT-fabrication process. The histograms in
Figure 4 show a relatively broad, mostly asymmetric
distribution of the contact resistance of bottom-contact
TFTs based on three different organic semiconductors
(DPh-DNTT, DNTT, PhC,—BQQDI). The smallest contact
resistances we observed within this collection of substrates are
(25 + 6) Qcm for DPh-DNTT, (55 + 8) Qcm for DNTT, and
(160 + 105) Qcm for PhC,—BQQDI. These values are close
to (or below) the lowest contact resistances reported for TFTs
based on each of these organic semiconductors.'”*®*’ The
median values of the contact resistance we have measured on
these 174 substrates are 160 Qcm for DPh-DNTT, 305 Qcm
for DNTT, and 575 Qcm for PhC,—BQQDI. In other words,
the median values of the contact resistance are considerably
larger than the smallest values measured for each of these three
semiconductors, and we find a relatively large spread from the
median values for each semiconductor. According to the 25%
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and 75% percentiles of the distribution, this spread amounts to
*150_,, Qem for DPh-DNTT, *%°_,; Qecm for DNTT, and
*240_ 00 Qem for PhC,—BQQDI. Note that this spread is not
limited to TFTs fabricated in the bottom-contact device
architecture: Top-contact TFTs fabricated for comparison
exhibit a similarly large variability (Figure SS). Oftentimes in
literature, only the best results obtained in each study are
reported, making it difficult to benchmark the substrate-to-
substrate variability that we are reporting here to the variability
seen by other groups.

Statistical Analysis of the Contact Resistance and
Correlation with Environmental Factors. It is well-known
that the performance parameters of transistors based on
organic semiconductors are heavily influenced by environ-
mental factors. To investigate the origin of the substrate-to-
substrate variations that we have observed in the contact
resistance of our nominally identical organic TFTs (see Figure
4), we therefore performed a statistical analysis of the results
obtained from over 100 substrates with respect to some of the
environmental conditions at the time of fabrication of these
TFTs. Geiger et al. recently showed a correlation between the
substrate temperature during the deposition of the gate metal
and the resulting surface roughness of the gate metal, which
affects the thin-film morphology of the organic semiconductor
and thus the TFT characteristics.”® Kang et al. reported on the
influence of the substrate temperature during the deposition of
DPh-DNTT on the carrier mobility of the TFTs.”' Lamport et
al. studied the correlation between the metal-deposition rate
and the contact resistance.'” Other studies evaluated the
impact of oxygen and humidity on the performance and
stability of organic TFTs.””>* In all of these studies, the
process parameters were varied intentionally, but it is certainly
conceivable that the TFT characteristics are also affected by
unintentional parameter variations. For the present study, we
kept all fabrication-process parameters that we are able to
control reliably and with good accuracy (choice and purity of
materials, substrate temperature and deposition rate during
vacuum depositions, film thicknesses, solution concentration
and immersion times for surface functionalization, air temper-
ature in the lab, intensity and color of illumination in the lab,
etc.) constant, while monitoring a number of environmental
parameters that are subject to unintentional variations. The
values that we chose for the readily controllable fabrication-
process parameters (substrate temperature, deposition rate,
film thickness, solution concentration, immersion time) are the
values that we had previously determined to be the optimum.
For example, while we are able to control the air temperature
in the laboratory with negligible deviation (20 °C + 1 °C),
other conditions are subject to more significant unintentional
fluctuations, in particular the relative humidity (rH) in the lab
and the base pressure in the vacuum system for the deposition
of the organic semiconductor (pggc) and the Au source/drain
contacts (Peontace)- The humidity varies between about 30% and
65% over the course of a year, and the base pressure varies
between about 1077 and 1075 mbar, depending on, for
example, the quality of the vacuum seal.

Figure 5 shows how the contact resistance RcW, the intrinsic
channel mobility p,, and the threshold voltage Vy, of DPh-
DNTT TFTs fabricated in the bottom-gate, bottom-contact
(inverted coplanar) device architecture over a period of three
years vary with unintentional variations of rH, posc, and poneact-
Note that of these three performance parameters, the contact
resistance RcW exhibits a much larger variation than p, and
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Vi, despite the fact that for each TLM analysis we included
TFTs with a very small nominal channel length (4 ym in most
cases, 2 ym in some cases). The correlation coefficients ¢ in the
Pearson correlation matrix that was calculated from the
measurement data are shown in each graph and are listed in
Table 2. We consider here correlations with lcl < 0.1 to be

Table 2. Correlation Matrix for the Process Parameters”
and the TFT Parameters” Obtained from the Fabrication of
DPh-DNTT TFTs

rH Peontact Posc RcW Ho Vin
rH 1 —0.06 0.04 —0.07 —-0.34 —0.24
Peontact 1 —0.12 014 025 —0.01
Posc 1 —025  —0.12 0.16
RcW 1 —-0.21 —-0.14
o 1 —0.04
Vi 1

“Relative humidity in the laboratory rH, base pressure in the vacuum
systems during the de]iosition of the contacts p.gney and the organic
semiconductor pogc. - Channel-width-normalized contact resistance
RcW, intrinsic channel mobility 40, and threshold voltage V..

negligible, 0.1 < lcl < 0.25 to be weak, 0.25 < Icl < 0.4 to be
moderate, and Icl > 0.4 to be strong. Table 2 indicates that
there are no strong correlations between any of the parameters.
For several pairs of performance parameters and environmental
conditions, a weak or moderate correlation can be seen. For
example, the contact resistance correlates positively with p neac
(Figure Sb; ¢ = 0.14) and negatively with pogc (Figure Sc; ¢ =
—0.25); the intrinsic channel mobility correlates negatively
with the relative humidity in the lab (Figure 5d; ¢ = —0.34), as
well as with pogc (Figure Sf; ¢ = —0.12), and positively with
Peontace (Figure Se; ¢ = —0.25); the threshold voltage correlates
negatively with rH (Figure Sg; ¢ = —0.24) and positively with
posc (Figure Si; ¢ = 0.16).

To some extent, these correlations can be rationalized. For
example, a cleaner environment during the deposition of the
functional materials can lead to a smaller density of defects—
both at the contact-semiconductor interface and within the
semiconducting layer—and thus to a smaller RcW and to a
greater /,t0.35 This is consistent with the trends seen in Figure
Sb,f, although the trends observed here are quite weak. With
the same rationale, a trend toward smaller RcW is expected for
lower pogc, but such a trend is neither apparent from the
measurement data in Figure Sc nor from the respective
correlation coefficient.

The trends observed for the threshold voltage (Figure Sg—i)
are contradictory. A smaller defect density (i.e., a lower
humidity and a lower base pressure) may be expected to bring
the threshold voltage closer to zero. This is indeed seen in
Figure Sg (Vy, is shifted closer to 0 V for smaller rH), but it is
observed in neither Figure Sh (no significant trend observed)
nor Figure Si (Vy, is shifted away from 0 V for smaller pgc).
The reasons for this behavior are unclear. Since we found no
correlation with a single fabrication parameter (Table 1) to be
sufficiently strong to explain the very large spread in the
contact resistance, we believe that these deviations are largely
stochastic. The observation that the contact resistance of our
DPh-DNTT TFTs does not show a strong dependence on the
base pressure during the metal and organic-semiconductor
depositions can perhaps be taken as confirmation that a base
pressure below about 1 X 107® mbar is sufficient for these
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process steps. The observation that the impact of the humidity
on the contact resistance is so weak is more surprising, and we
are unable to offer a convincing explanation at this point.

In addition to correlations between environmental and
device parameters, we can use the measurement data to
identify correlations between any two device parameters (see
Table 1). For example, a larger intrinsic channel mobility leads
to a smaller contact resistance (¢ = —0.21). This is expected,
since a larger intrinsic channel mobility results in a larger
space-charge limited current in the regions near the contact-
semiconductor interface and thereby to a smaller contact
resistance (see also Figure S6).° Furthermore, a larger i,
indicates a better thin-film morphology of the organic
semiconductor, which in turn has been shown to be highly
beneficial for a small contact resistance in inverted coplanar
TFTs.>"® The correlation between Vy;, and RW is quite weak
(c = 0.14), which supports the hypothesis that the threshold
voltage is a parameter that is dictated mainly by the properties
of the gate dielectric and the semiconductor-dielectric
interface, whereas the contact resistance is dictated mainly
by the properties of the contacts and the contact-semi-
conductor interface.

The TFTs shown in Figure S were fabricated on a large
number of substrates over a period of three years. Each of these
substrates represents an individual fabrication run, and
although we kept all controllable fabrication parameters
constant, unintended process-parameter variations are inevi-
table. To complement our findings about the substrate-to-
substrate variations of important device parameters corre-
sponding to this large set of fabricated TFTs, we also evaluate
how the TFT characteristics vary between substrates that have
been fabricated simultaneously within the same process run
(see Figure S7). These substrates were loaded into the
deposition system together and mounted onto the substrate
holder side-by-side for each deposition (gate electrodes,
source/drain contacts, organic semiconductor). We find that
on six substrates with DPh-DNTT p-channel TFTs, the
contact resistances are all very similar to one another, falling
into the range of (113 + 14) Qcm. This amounts to a
variability of about 12% within the same batch. A similar value
is observed for nine simultaneously fabricated substrates with
PhC,—BQQDI n-channel TFTs, where a contact resistance of
(595 + 91) Qcm indicates a variability of 16% within the same
batch.

Although this variability within a single batch is not
negligible, it is significantly smaller than the value of more
than 100% that was observed for the batch-to-batch variability
shown in Figure 4. For a reliable expectation value of the
contact resistance, it is therefore preferable to consider data
from multiple fabrication runs to ensure a valid comparison
between modifications in TFT fabrication that may reduce the
contact resistance.

CONCLUSION

The contact resistance is one of the most important
performance parameters of organic TFTs, and even relatively
small enhancements can be challenging to achieve.’” The
reliable extraction of RcW using TLM analysis is therefore
critically important. This reliability can be greatly enhanced in
two different ways: first, by measuring the actual channel
lengths of the transistors, rather than relying on the nominal
channel-length values; and second, by including transistors
with very small channel lengths in the TLM analysis, so that
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the channel resistance of the transistor with the smallest
channel length is smaller than the contact resistance. How
small this minimum channel length needs to be depends on the
sheet resistance of the semiconductor: the larger the sheet
resistance, the smaller the minimum channel length A =
(RcW) sctual/ Rt n€eds to be for reliable extraction of the
contact resistance.

The contact resistance of organic TFTs varies greatly from
one fabrication run to the next (and even on substrates
fabricated within the same fabrication run), no matter how
much care is taken to keep all materials and process parameters
the same. This is true regardless of the choice of the organic
semiconductor, regardless of the device architecture (coplanar
or staggered), and regardless of the magnitude of the contact
resistance. The substrate-to-substrate variation in the contact
resistance is notably larger than the variation in other TFT
parameters (charge-carrier mobility, threshold voltage, etc.).
There is no strong correlation between the contact resistance
and the environmental parameters present during TFT
fabrication, such as the humidity in the laboratory or the
base pressure in the vacuum system during the deposition of
the source/drain contacts and the organic-semiconductor
layer. This leads us to believe that the large spread that was
found over a period of several years is mainly of a stochastic
nature.

EXPERIMENTAL SECTION
Materials.

2,9-diphenyl-dinaphtho[2,3-b:2/,3'-f ]thieno[3,2-b]thiophene
(DPh-DNTT) was kindly provided by K. Ikeda, Y. Sadamitsu,
and S. Inoue (Nippon Kayaku, Japan).
Dinaphtho[2,3-b:2’,3'-f Jthieno[3,2-b]thiophene (DNTT) was
purchased from Sigma-Aldrich (Germany).
Diphenylethyl-3,4,9,10-benzo[de]isoquinolino[1,8-gh]-
quinolinetetracarboxylic diimide (PhC,—BQQDI) was pur-
chased from Fujiflm Wako Pure Chemical Cooperation
(Neuss, Germany).

Naphtho[2,3-b]thieno-[2",3":4",5" ]thieno-[2",3":4',5']-
thieno-[3',2"-b]naphtho[2,3-b]thiophene (DN4T) was kindly
provided by Yves Geerts, Université Libre de Bruxelles.
N,N'-bis(2,2,3,3,4,4,4-fluorobutyl)-(1,7 and 1,6)-dicyano-per-
ylene-tetracarboxylic diimide (Activink N1100) was procured
from Polyera Corp. (Skokie, IL, U.S.A.).
n-Tetradecylphosphonic acid was purchased from PCI Syn-
thesis (Newburyport, MA, U.S.A.).

Pentafluorobenzenethiol (PFBT) and 4-(methylsulfanyl)-thio-
phenol (MeSTP) were purchased from TCI Deutschland
GmbH (Eschborn, Germany).

TFT Fabrication. All TFTs were fabricated on doped-silicon
substrates. In the first step, a 30 nm-thick layer of aluminum is
deposited by thermal evaporation in a vacuum at a base pressure of
~1077 mbar and with a rate of 2.5 nm/s.>° The aluminum layer is not
patterned and serves as a common gate electrode for all TFTs on the
substrate. The gate dielectric is a stack of aluminum oxide (obtained
by exposing the aluminum to oxygen plasma) and a self-assembled
monolayer of n-tetradecylphosphonic acid (obtained by immersing
the substrate in a 2-propanol solution of the phosphonic acid). It has a
total thickness of about 8 nm and a unit-area capacitance of 0.6 uF/
cm?.>” To define the source and drain contacts, gold with a thickness
of 25—30 nm is deposited by thermal evaporation in a vacuum and
with a deposition rate of 0.03 nm/ 'S through a silicon stencil mask.>®
The surface of the Au source and drain contacts is then functionalized
with a chemisorbed monolayer of pentafluorobenzenethiol (PFBT;
for the p-channel TFTs)"? or methylthiothiophenol (MeSTP; for the
n-channel TFTs)** by immersing the substrate into a 10 mMol
ethanol solution of the thiol. In the final process step, a nominally 30
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nm-thick layer of the organic semiconductor is deposited by thermal
sublimation in a vacuum with a deposition rate of 0.04 nm/s. During
semiconductor deposition, the substrate is held at a constant
temperature of nominally 90 °C (for the p-channel TFTs) or 140
°C (for the n-channel TFTs).

For comparison, we also fabricated TFTs in the bottom-gate, top-
contact (inverted staggered) device architecture, in which case the
deposition of the organic semiconductor was carried out prior to the
deposition of the source/drain contacts, and no thiol treatment was
performed. The air temperature in the laboratory in which all
fabrication-process steps were conducted is actively controlled to a
value of (20 + 1) °C.

Electrical Characterization. On each substrate, at least SO TFTs
with at least 10 different channel lengths, typically ranging from 2 to
100 pm, are available for electrical characterization. For each TLM
analysis, usually 7—9 different channel lengths are taken into account,
with the minimum being S different channel lengths. For all substrates
shown here, the shortest channel length is less than S ym. The
current—voltage characteristics of the TFTs were recorded using an
Agilent 4156C Semiconductor Parameter Analyzer controlled
remotely using the software “SweepMe!” (https://sweep-me.net) at
a temperature of 20 + 1 °C in ambient air (with a humidity ranging
from 28% to 65%, depending on the time of year) under weak yellow
laboratory light.

ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.4c15828.

Relevant energy levels of the materials used, schematic
explaining the shadowing process, statistics of the real
channel length depending on the nominal values,
histogram of the contact resistance in top-contact n-
channel TFTs, correlation between intrinsic mobility
and contact resistance, variation of the contact resistance
within the same fabrication run (PDF)

AUTHOR INFORMATION

Corresponding Author
Hagen Klauk — Max Planck Institute for Solid State Research,
Stuttgart 70569, Germany; ® orcid.org/0000-0003-4563-
563S; Email: H.Klauk@fkf.mpg.de

Authors

Tobias Wollandt — Max Planck Institute for Solid State
Research, Stuttgart 70569, Germany; ® orcid.org/0000-
0002-0843-4159

Sabrina Steffens — Max Planck Institute for Solid State
Research, Stuttgart 70569, Germany; ® orcid.org/0009-
0008-1959-3172

Yurii Radiev — Molecular Solids Group, Philipps-Universitit
Marburg, Marburg 35032, Germany; ® orcid.org/0000-
0001-6969-546X

Florian Letzkus — Institute for Microelectronics Stuttgart
(IMS CHIPS), Stuttgart 70569, Germany

Joachim N. Burghartz — Institute for Microelectronics
Stuttgart (IMS CHIPS), Stuttgart 70569, Germany

Gregor Witte — Molecular Solids Group, Philipps-Universitit
Marburg, Marburg 35032, Germany; ©® orcid.org/0000-
0003-2237-0953

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.4c15828

9923

Author Contributions

T.W. and S.S. fabricated and characterized the transistors.
TW, YR, and G.W. performed the statistical analysis. F.L.
and ]J.N.B. manufactured the silicon stencil masks. T.W. and
H.K. wrote the manuscript. HK. supervised the project. All
authors have given approval to the final version of the
manuscript.

Funding

Open access funded by Max Planck Society. This work is
partially funded by the German Research Foundation (DFG)
under the grants KL 2223/6-2 (SPP FFlexCom), KL 2223/7-
1, INST 35/1429-1 (SFB 1249), and DFG project number
223848855 (SFB 1083/A02).

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENTS

We gratefully acknowledge Kazuo Takimiya (RIKEN Center
for Emergent Matter Science, Wako, Saitama, Japan), as well as
Koichi Ikeda, Yuichi Sadamitsu, and Satoru Inoue (Nippon
Kayaku, Tokyo, Japan), for providing the organic semi-
conductor DPh-DNTT, and Yves Geerts (Laboratory of
Polymer Chemistry, University of Brussels) for providing the
organic semiconductor DN4T. We gratefully acknowledge the
people who assisted in measuring the actual channel lengths by
SEM.

REFERENCES

(1) Zschieschang, U.; Borchert, J. W.; Giorgio, M.; Caironi, M,;
Letzkus, F.; Burghartz, J. N.; Waizmann, U.; Weis, J.; Ludwigs, S.;
Klauk, H. Roadmap to Gigahertz Organic Transistors. Adv. Funct.
Mater. 2020, 30 (20), 1903812.

(2) Waldrip, M.; Jurchescu, O. D.; Gundlach, D. J.; Bittle, E. G.
Contact Resistance in Organic Field-Effect Transistors: Conquering
the Barrier. Adv. Funct. Mater. 2020, 30 (20), 1904576.

(3) Borchert, J. W.; Weitz, R. T.; Ludwigs, S.; Klauk, H. A Critical
Outlook for the Pursuit of Lower Contact Resistance in Organic
Transistors. Adv. Mater. 2022, 34 (2), 2104075.

(4) Liy, C.; Xu, Y.; Noh, Y.-Y. Contact Engineering in Organic Field-
Effect Transistors. Mater. Today 2018, 18, 79—96.

(5) Braga, D.; Ha, M.; Xie, W.; Frisbie, C. D. Ultralow Contact
Resistance in Electrolyte-Gated Organic Thin Film Transistors. Appl.
Phys. Lett. 2010, 97 (19), 193311.

(6) Kraft, U.; Sejfic, M.; Kang, M. J.; Takimiya, K.; Zaki, T.; Letzkus,
F.; Burghartz, J. N.; Weber, E; Klauk, H. Flexible Low-Voltage
Organic Complementary Circuits: Finding the Optimum Combina-
tion of Semiconductors and Monolayer Gate Dielectrics. Adv. Mater.
2015, 27, 207-214.

(7) Kraft, U; Anthony, J. E; Ripaud, E.; Loth, M. A,; Weber, E,;
Klauk, H. Low-Voltage Organic Transistors Based on Tetraceno[2,3-
b]thiophene: Contact Resistance and Air Stability. Chem. Mater.
2015, 27, 998—1004.

(8) Kraft, U.; Takimiya, K; Kang, M. J; Rodel, R; Letzkus, F;
Burghartz, J. N.; Weber, E.; Klauk, H. Detailed Analysis and Contact
Properties of Low-Voltage Organic Thin-Film Transistors Based on
Dinaphtho[2,3-b: 2°,3'-f]thieno[3,2-b]thiophene (DNTT) and Its
Didecyl and Diphenyl Derivatives. Org. Electronics 2016, 35, 33—40.

(9) Rolin, C.; Kang, E.; Lee, J.-H.; Borghs, G.; Heremans, P.; Genoe,
J. Charge Carrier Mobility in Thin Films of Organic Semiconductors
by the Gated van der Pauw Method. Nat. Commun. 2017, 8 (1),
14975S.

(10) Zeng, J.; He, D.; Qiao, J.; Li, Y,; Sun, L,; Li, W,; Xie, J.; Gao, S,;
Pan, L; Wang, P; et al. Ultralow Contact Resistance in Organic
Transistors via Orbital Hybridization. Nat. Commun. 2023, 14 (1),
324.

https://doi.org/10.1021/acsnano.4c15828
ACS Nano 2025, 19, 9915-9924


https://sweep-me.net
https://pubs.acs.org/doi/10.1021/acsnano.4c15828?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c15828/suppl_file/nn4c15828_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hagen+Klauk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4563-5635
https://orcid.org/0000-0003-4563-5635
mailto:H.Klauk@fkf.mpg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tobias+Wollandt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0843-4159
https://orcid.org/0000-0002-0843-4159
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sabrina+Steffens"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0008-1959-3172
https://orcid.org/0009-0008-1959-3172
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yurii+Radiev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6969-546X
https://orcid.org/0000-0001-6969-546X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Florian+Letzkus"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joachim+N.+Burghartz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gregor+Witte"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2237-0953
https://orcid.org/0000-0003-2237-0953
https://pubs.acs.org/doi/10.1021/acsnano.4c15828?ref=pdf
https://doi.org/10.1002/adfm.201903812
https://doi.org/10.1002/adfm.201904576
https://doi.org/10.1002/adfm.201904576
https://doi.org/10.1002/adma.202104075
https://doi.org/10.1002/adma.202104075
https://doi.org/10.1002/adma.202104075
https://doi.org/10.1016/j.mattod.2014.08.037
https://doi.org/10.1016/j.mattod.2014.08.037
https://doi.org/10.1063/1.3518075
https://doi.org/10.1063/1.3518075
https://doi.org/10.1002/adma.201403481
https://doi.org/10.1002/adma.201403481
https://doi.org/10.1002/adma.201403481
https://doi.org/10.1021/cm5043183?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm5043183?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.orgel.2016.04.038
https://doi.org/10.1016/j.orgel.2016.04.038
https://doi.org/10.1016/j.orgel.2016.04.038
https://doi.org/10.1016/j.orgel.2016.04.038
https://doi.org/10.1038/ncomms14975
https://doi.org/10.1038/ncomms14975
https://doi.org/10.1038/s41467-023-36006-0
https://doi.org/10.1038/s41467-023-36006-0
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c15828?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

(11) Biirgi, L.; Richards, T. J.; Friend, R. H.; Sirringhaus, H. Close
Look at Charge Carrier Injection in Polymer Field-Effect Transistors.
J. Appl. Phys. 2003, 94, 6129—6137.

(12) Choi, S.; Fuentes-Hernandez, C.; Wang, C.-Y,; Khan, T. M,;
Larrain, F. A;; Zhang, Y,; Barlow, S.; Marder, S. R.; Kippelen, B. A
Study on Reducing Contact Resistance in Solution-Processed Organic
Field-Effect Transistors. ACS Appl. Mater. Interfaces 2016, 8, 24744—
24752.

(13) Borchert, J. W.; Peng, B.; Letzkus, F.; Burghartz, J. N.; Chan, P.
K. L.; Zojer, K; Ludwigs, S.; Klauk, H. Small Contact Resistance and
High-Frequency Operation of Flexible Low-Voltage Inverted
Coplanar Organic Transistors. Nat. Commun. 2019, 10 (1), 1119.

(14) Niimi, K;; Kang, M. J.; Miyazaki, E.; Osaka, 1; Takimiya, K.
General Synthesis of Dinaphtho[2,3-b: 2’,3’-f]thieno[3,2-b]thiophene
(DNTT) Derivatives. Org. Lett. 2011, 13, 3430—3433.

(15) Lamport, Z. A.; Barth, K. J.; Lee, H,; Gann, E.; Engmann, S.;
Chen, H.; Guthold, M.; McCulloch, I; Anthony, J. E.; Richter, L. J.;
et al. A Simple and Robust Approach to Reducing Contact Resistance
in Organic Transistors. Nat. Commun. 2018, 9 (1), 5130.

(16) Borchert, J. W.; Zschieschang, U.; Letzkus, F.; Giorgio, M,;
Weitz, R. T.; Caironi, M.; Burghartz, J. N.; Ludwigs, S.; Klauk, H.
Flexible Low-Voltage High-Frequency Organic Thin-Film Transistors.
Sci. Adv. 2020, 6 (21), No. eaaz5156.

(17) Geiger, M.; Lingstidt, R;; Wollandt, T.; Deuschle, J;
Zschieschang, U,; Letzkus, F.; Burghartz, J. N,; Van Aken, P. A;
Weitz, R. T.; Klauk, H. Subthreshold Swing of 59 mV Decade™ in
Nanoscale Flexible Ultralow-Voltage Organic Transistors. Adv.
Electron. Mater. 2022, 8 (5), 2101215.

(18) Lengz, J.; Del Giudice, F.; Geisenhof, F. R.; Winterer, F.; Weitz,
R. T. Vertical, Electrolyte-Gated Organic Transistors Show Con-
tinuous Operation in the MA cm™ Regime and Artificial Synaptic
Behaviour. Nat. Nanotechnol. 2019, 14, 579—585.

(19) Marinkovic, M.; Belaineh, D.; Wagner, V.; Knipp, D. On the
Origin of Contact Resistances of Organic Thin Film Transistors. Adv.
Mater. 2012, 24, 4005—4009.

(20) Rédel, R; Letzkus, F.; Zaki, T.; Burghartz, J. N; Kraft, U,;
Zschieschang, U.; Kern, K; Klauk, H. Contact Properties of High-
Mobility, Air-Stable, Low-Voltage Organic n-Channel Thin-Film
Transistors Based on a Naphthalene Tetracarboxylic Diimide. Appl.
Phys. Lett. 2013, 102, 233303.

(21) Zschieschang, U.; Klauk, H.; Borchert, J. W. High-Resolution
Lithography for High-Frequency Organic Thin-Film Transistors. Adv.
Mater. Technol. 2023, 8 (11), 2201888.

(22) Vazquez-Mena, O.; Villanueva, L. G; Savu, V.; Sidler, K;
Langlet, P.; Brugger, J. Analysis of the Blurring in Stencil Lithography.
Nanotechnology 2009, 20, 415303.

(23) Ye, X.; Zhao, X; Wang, S.; Wei, Z.; Lv, G.; Yang, Y.; Tong, Y.;
Tang, Q; Liu, Y. Blurred Electrode for Low Contact Resistance in
Coplanar Organic Transistors. ACS Nano 2021, 15, 1155—1166.

(24) Yamamoto, T.; Takimiya, K. Facile Synthesis of Highly 7-
Extended Heteroarenes, Dinaphtho[2,3-b: 2’,3’-f]chalcogenopheno-
[3,2-b]chalcogenophenes, and Their Application to Field-Effect
Transistors. J. Am. Chem. Soc. 2007, 129, 2224—2225.

(25) Okamoto, T.; Kumagai, S.; Fukuzaki, E.; Ishii, H.; Watanabe,
G.; Niitsu, N.; Annaka, T.; Yamagishi, M.; Tani, Y.; Sugiura, H.; et al.
Robust, High-Performance n-Type Organic Semiconductors. Sci. Adv.
2020, 6 (18), No. eaaz0632.

(26) Jouclas, R.; Liu, J.; Volpi, M.; De Moraes, L. S.; Garbay, G.;
Mclntosh, N.; Bardini, M.; Lemaur, V.; Vercouter, A.; Gatsios, C,;
et al. Dinaphthotetrathienoacenes: Synthesis, Characterization, and
Applications in Organic Field-Effect Transistors. Adv. Sci. 2022, 9
(19), 2105674.

(27) Casella, G.; Berger, R. L. Statistical Inference, 2nd ed.; Chapman
and Hall/CRC, 2002.

(28) McCulley, C. M,; Xu, X; Liang, K;; Wang, X,; Wang, L;
Dodabalapur, A. Nanospike Electrode Designs for Improved Electrical
Performance in Nanoscale Organic Thin-Film Transistors. ACS Appl.
Electron. Mater. 2021, 3, 4284—4290.

9924

(29) Kumagai, S.; Ishii, H.; Watanabe, G.; Annaka, T.; Fukuzaki, E.;
Tani, Y,; Sugiura, H; Watanabe, T.; Kurosawa, T.; Takeya, J;
Okamoto, T. Cooperative Aggregations of Nitrogen-Containing
Perylene Diimides Driven by Rigid and Flexible Functional Groups.
Chem. Mater. 2020, 32, 9115—9123.

(30) Geiger, M.; Acharya, R.; Reutter, E.; Ferschke, T
Zschieschang, U.; Weis, J.; Pflaum, J.; Klauk, H.; Weitz, R. T. Effect
of the Degree of the Gate-Dielectric Surface Roughness on the
Performance of Bottom-Gate Organic Thin-Film Transistors. Adv.
Mater. Interfaces 2020, 7 (10), 190214S.

(31) Kang, M. J.; Miyazaki, E.; Osaka, I; Takimiya, K; Nakao, A.
Diphenyl Derivatives of Dinaphtho[2,3-b: 2’,3’-f]thieno[3,2-b]-
thiophene: Organic Semiconductors for Thermally Stable Thin-Film
Transistors. ACS Appl. Mater. Interfaces 2013, S, 2331—-2336.

(32) Li, D.; Borkent, E.-J.; Nortrup, R.; Moon, H.; Katz, H.; Bao, Z.
Humidity Effect on Electrical Performance of Organic Thin-Film
Transistors. Appl. Phys. Lett. 2005, 86, 042108.

(33) Zschieschang, U.; Amsharov, K.; Jansen, M.; Kern, K.; Klauk,
H.; Weitz, R. T. Separating the Impact of Oxygen and Water on the
Long-Term Stability of n-Channel Perylene Diimide Thin-Film
Transistors. Org. Electronics 2015, 26, 340—344.

(34) Radiev, Y.; Widdascheck, F.; Gobel, M.; Hauke, A. A.; Witte, G.
Prepare with Care: Low Contact Resistance of Pentacene Field-Effect
Transistors With Clean and Oxidized Gold Electrodes. Org. Electronics
2021, 89, 106030.

(35) Stadlober, B.; Haas, U, Gold, H.; Haase, A; Jakopic, G;
Leising, G.; Koch, N.; Rentenberger, S.; Zojer, E. Orders-of-
Magnitude Reduction of the Contact Resistance in Short-Channel
Hot Embossed Organic Thin Film Transistors by Oxidative
Treatment of Au-Electrodes. Adv. Funct. Mater. 2007, 17, 2687—2692.

(36) Merces, L.; De Oliviera, R. F.; Gomes, H. L.; Bof Bufon, C. C.
The Role of the Electrode Configuration on the Electrical Properties
of Small-Molecule Semiconductor Thin-Films. Org. Electronics 2017,
49, 107—113.

(37) Geiger, M; Hagel, M.; Reindl, T.; Weis, J.; Weitz, R. T,
Solodenko, H.; Schmitz, G.; Zschieschang, U.; Klauk, H.; Acharya, R.
Optimizing the Plasma Oxidation of Aluminum Gate Electrodes for
Ultrathin Gate Oxides in Organic Transistors. Sci. Rep. 2021, 11 (1),
6382.

(38) Letzkus, F.; Butschke, J.; Hofflinger, B.; Irmscher, M.; Reuter,
C.; Springer, R.; Ehrmann, A.; Mathuni, J. Dry Etch Improvements in
the SOI Wafer Flow Process for IPL Stencil Mask Fabrication.
Microelectron. Eng. 2000, 53, 609—612.

(39) Boudinet, D.; Benwadih, M.; Qij, Y.; Altazin, S.; Verilhac, J.-M.;
Kroger, M.; Serbutoviez, C.; Gwoziecki, R,; Coppard, R.; Le
Blevennec, G.; Kahn, A.,; Horowitz, G. Modification of Gold Source
and Drain Electrodes by Self-Assembled Monolayer in Staggered n-
and p-Channel Organic Thin Film Transistors. Org. Electronics 2010,
11, 227-237.

https://doi.org/10.1021/acsnano.4c15828
ACS Nano 2025, 19, 9915-9924


https://doi.org/10.1063/1.1613369
https://doi.org/10.1063/1.1613369
https://doi.org/10.1021/acsami.6b07029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b07029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b07029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-019-09119-8
https://doi.org/10.1038/s41467-019-09119-8
https://doi.org/10.1038/s41467-019-09119-8
https://doi.org/10.1021/ol2010837?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol2010837?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-018-07388-3
https://doi.org/10.1038/s41467-018-07388-3
https://doi.org/10.1126/sciadv.aaz5156
https://doi.org/10.1002/aelm.202101215
https://doi.org/10.1002/aelm.202101215
https://doi.org/10.1038/s41565-019-0407-0
https://doi.org/10.1038/s41565-019-0407-0
https://doi.org/10.1038/s41565-019-0407-0
https://doi.org/10.1002/adma.201201311
https://doi.org/10.1002/adma.201201311
https://doi.org/10.1063/1.4811127
https://doi.org/10.1063/1.4811127
https://doi.org/10.1063/1.4811127
https://doi.org/10.1002/admt.202201888
https://doi.org/10.1002/admt.202201888
https://doi.org/10.1088/0957-4484/20/41/415303
https://doi.org/10.1021/acsnano.0c08122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c08122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja068429z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja068429z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja068429z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja068429z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.aaz0632
https://doi.org/10.1002/advs.202105674
https://doi.org/10.1002/advs.202105674
https://doi.org/10.1021/acsaelm.1c00813?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.1c00813?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.0c01888?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.0c01888?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/admi.201902145
https://doi.org/10.1002/admi.201902145
https://doi.org/10.1002/admi.201902145
https://doi.org/10.1021/am3026163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am3026163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am3026163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1852708
https://doi.org/10.1063/1.1852708
https://doi.org/10.1016/j.orgel.2015.07.060
https://doi.org/10.1016/j.orgel.2015.07.060
https://doi.org/10.1016/j.orgel.2015.07.060
https://doi.org/10.1016/j.orgel.2020.106030
https://doi.org/10.1016/j.orgel.2020.106030
https://doi.org/10.1002/adfm.200700294
https://doi.org/10.1002/adfm.200700294
https://doi.org/10.1002/adfm.200700294
https://doi.org/10.1002/adfm.200700294
https://doi.org/10.1016/j.orgel.2017.06.041
https://doi.org/10.1016/j.orgel.2017.06.041
https://doi.org/10.1038/s41598-021-85517-7
https://doi.org/10.1038/s41598-021-85517-7
https://doi.org/10.1016/S0167-9317(00)00388-9
https://doi.org/10.1016/S0167-9317(00)00388-9
https://doi.org/10.1016/j.orgel.2009.10.021
https://doi.org/10.1016/j.orgel.2009.10.021
https://doi.org/10.1016/j.orgel.2009.10.021
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c15828?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Supporting Information

Reliability of the Transmission Line Method and Reproducibility of the

Measured Contact Resistance of Organic Thin-Film Transistors

Tobias Wollandt', Sabrina Steﬁ”ensT, Yurii Radiev*, Florian Letzkus®, Joachim N. Burghartze,

Gregor Witte*, Hagen Klauk'*

¥ Max Planck Institute for Solid State Research, Heisenbergstr. 1, 70569 Stuttgart, Germany

¥ Molecular Solids Group, Philipps-Universitit Marburg, Renthof 7, 35032 Marburg,
Germany

& Institute for Microelectronics Stuttgart (IMS CHIPS), Allmandring 30A, 70569 Stuttgart,

Germany



p-channel TFTs n-channel TFTs

A contact ) . contact )
£ K func semiconductors . k functi semiconductors
WOrK runction . WOrK tunction
(eV) Au Au DPh-DNTT DNTT . Au Au PhC,-BQQDI N1100
2 (bare) (PFBT) 244 1 (bare) (MeSTP)
3.0 .
3 - —
LUMO 4 19[2] 4 05[5]
4 1 : — 4 45068
4.7-5.0M " T 47-50 —_—
5 51-5.6 5 4 5.4
— O
n/a
6 HOMO .
i 6.8018
7 -

Figure S1. Work function of the Au source/drain contacts with and without thiol functionalization; highest
occupied molecular orbitals (HOMO) of the semiconductors in the p-channel TFTs; lowest unoccupied
molecular orbitals (LUMO) of the semiconductors in the n-channel TFTs. The values were taken from the
following publications:
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Figure S2. Schematic of the geometry during the vacuum deposition of the source/drain contacts through the
openings in the stencil mask. (a) If the substrate plane is parallel to the metal-evaporation source, the
deviation AL between the actual and the nominal channel length is determined only by the (unavoidable)
gap between the stencil mask and the substrate. In this case, AL will usually be negative (AL < 0; see
reference 22 of the main text). (b) If the substrate is tilted (even if the tilt angle is extremely small; note that
in the schematic drawing, the tilt angle is greatly exaggerated), AL can be positive. Since the stencil masks
employed here have a relatively large thickness (20 um) compared to the smallest channel lengths (~1 um),
the relative deviation AL/Lqom can be quite large, up to 100% for a tilt angle of 1 to 2° and a channel length
of 1 um (see Figure S3).
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Figure S3. (a) Histogram of the deviation AL between the actual and the nominal channel length measured
for about 1100 TFTs fabricated on 200 substrates. The median is AL = 0.59 pm, and the 25% and 75%
quartiles are *9-33.9 30 pm. (b) Distribution of AL plotted versus the nominal channel length. The boxes extend
from the Q1 to Q3 quartile values of the data, with a line at the median (Q2). The whiskers extend from the
edges of box to show the range of the data. By default, they extend no more than 1.5 * IQR (IQR = Q3 - Q1)
from the edges of the box, ending at the farthest data point within that interval. Outliers are plotted as separate
dots.
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Figure S4. Ratio between the actual channel length Lacwa and the nominal channel length Lyom, determined
from SEM images of over 1100 TFTs and plotted versus the nominal channel length Lpom. Since the
difference between Lactal and Lyom is not systematically dependent on Lnom (see Figure S2), the ratio Lactuat/
Lnom increases with decreasing Lnom; however, this has no implications on the reliability of the TLM analysis.
The raw data is shown as a scatter plot (a), and its distribution is shown as a box plot (b). The boxes extend
from the Q1 to Q3 quartile values of the data, with a line at the median (Q2). The whiskers extend from the
edges of box to show the range of the data. By default, they extend no more than 7.5 * IQR (IQR = Q3 - Q1)
from the edges of the box, ending at the farthest data point within that interval. Outliers are plotted as separate
dots.
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Figure S5. Histograms of the channel-width-normalized contact resistance Rc W of 26 sets of n-channel TFTs
fabricated in the bottom-gate, top-contact (inverted staggered) device architecture using the organic
semiconductors (a) N,N’-bis(2,2,3,3,4,4,4-fluorobutyl)-(1,7 & 1,6)-dicyano-perylene-tetracarboxylic
diimide [N1100, Jones, Angew. Chem. Int. Ed., vol. 43, p. 6363, 2004] and (b) PhC,-BQQDI.
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Figure S6. Correlation between the channel-width-normalized contact resistance RcW and the intrinsic
channel mobility po of TFTs fabricated in the bottom-gate, bottom-contact (inverted coplanar) device
architecture. Each color represents a different organic semiconductor. Each light-colored data point
represents one set of (at least five) TFTs on an individual substrate, in total over 500 substrates over the
course of three years. The dark-colored data points and error bars indicate the median value and (25% to
75%) interquartile range over all substrates for each semiconductor. This graph illustrates that a larger
intrinsic channel mobility leads to a smaller contact resistance.

(a) (c)

180

DPhDNTT 1000 4 PhC,BQQDI
Location 1 | ® Location 1
E -1-— ® Location 2 —_ ® Location 2
G 1407 T £ 800
G S
N , I 1 g |
O [] [ >
& 100 + RS [ ] o 600
- ) I % I
400 4
60

1 2 3 4 5 6 1 2 3 4 5 6 7 8 9
Substrate (#)

°
0.7
9 ° ° o .
. . ~ e o ®° o o o o
~ 3 < ° « °
g S 06 8 . .
P £
£ 7 2
o o
~ DPhDNTT 5 05 PhC,BQQDI
EO Location 1 ® Location 1
® Location 2 ® Location 2
5 0.4
1 2 3 4 5 6 1 2 3 4 5 6 7 8 9
Substrate (#) Substrate (#)

Figure S7. (a,b) Channel-width-normalized contact resistance Rc/ and intrinsic channel mobility po of DPh-
DNTT TFTs fabricated simultaneously on six substrates using identical process conditions. (c,d) Contact
resistance RcW and intrinsic channel mobility po of PhC2-BQQDI TFTs fabricated simultaneously on nine
substrates using identical conditions. All TFTs were fabricated in the bottom-gate, bottom-contact (inverted
coplanar) device architecture. Note that both the contact resistance and the intrinsic channel mobility vary
noticeably, both within the same substrate and from one substrate to the next, despite the fact that all
substrates were fabricated simultaneously (i.e., placed side-by-side onto the substrate holder for each
deposition).



