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Comparative Study of Silver and Gold Source/Drain
Contacts for Organic Thin-Film Transistors with Low

Contact Resistance

Tobias Wollandt, Florian Letzkus, Joachim N. Burghartz, and Hagen Klauk*

Flexible low-voltage organic thin-film transistors (TFTs) with Ag source/drain
contacts are fabricated, and the contact resistance is measured using the trans-
fer length method. The TFTs are fabricated in the inverted coplanar (bottom-
gate, bottom-contact) device architecture, using the vacuum-deposited
small-molecule semiconductor dinaphtho[2,3’b:2’,3’f]thieno[3,2-b]thiophene
(DNTT). Prior to the semiconductor deposition, the contact surface is function-
alized with a chemisorbed monolayer of pentafluorobenzenethiol (PFBT). For
comparison, TFTs with PFBT-functionalized Au source/drain contacts are fabri-
cated on the same substrate. Overall, the performance of the TFTs with the Ag
contacts is very similar to that of the TFTs with the Au contacts, and the contact
resistance of the TFTs with the Ag contacts (377 Qcm) is the smallest reported
to date for p-channel organic TFTs with a contact material other than Au or Pt.

1. Introduction

The static and dynamic performance of organic thin-film tran-
sistors (TFT5) is often limited by the contact resistance.l'! This
is mainly due to the energy barrier at the interface between the
organic semiconductor and the contact metal.[?! For p-channel or-
ganic TFTs, the smallest contact resistances have been obtained
by preparing the source/drain contacts using either gold (Au) or
platinum (Pt).>*] Due to the high costs of these two metals and
the difficulties of preparing printable inks from them, there is an
incentive for exploring alternative source/drain metals, in partic-
ular silver (Ag).>~! However, even the smallest contact resistance
reported to date for p-channel organic TFTs with Ag contacts
(700 Qcm) 19 is more than an order of magnitude higher than
the best values obtained with Au or Pt contacts (<50 Qcm).[+11-14]

T. Wollandt, H. Klauk

Max Planck Institute for Solid State Research
Heisenbergstr. 1, 70569 Stuttgart, Germany
E-mail: H.Klauk@fkf.mpg.de

F. Letzkus, J. N. Burghartz

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

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/aelm.202300841
© 2024 The Authors. Advanced Electronic Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/aelm.202300841

Adv. Electron. Mater. 2024, 10, 2300841 2300841 (1 of 7)

Here, we report on the fabrication and
characterization of flexible low-voltage or-
ganic TFTs with vacuum-deposited Ag
source and drain contacts that display
a contact resistance of 377 Qcm. This
is the smallest contact resistance re-
ported to date for p-channel organic TFTs
with a contact material other than Au
or Pt. The TFTs were fabricated in the
inverted coplanar (bottom-gate, bottom-
contact) device architecture. This archi-
tecture was previously shown to pro-
vide a smaller contact resistance than the
staggered device architecture, provided
the gate dielectric is sufficiently thin
to take advantage of field enhancement
at the contact edges.'>'] The contact

surface was functionalized with a chemisorbed monolayer of
pentafluorobenzenethiol (PFBT), which was previously shown
to improve the contact properties.®7-21 As the semicon-
ductor, we used the vacuum-deposited small-molecule mate-
rial dinaphtho[2,3'b:2’,3’-f]thieno[3,2-b]thiophene (DNTT), for
which effective charge-carrier mobilities greater than 1 cm? Vs™
and subthreshold swings below 100 mV dec™" are routinely ob-
tained (21241 and which has previously found use in various flex-
ible electronic systems.!?>2%] The contact resistance of the TFTs
was extracted from the measured current-voltage characteristics
using the transfer length method (TLM). For comparison, we also
fabricated flexible TFTs with PFBT-functionalized Au contacts,
as well as TFTs with and without PFBT functionalization in the
inverted coplanar and the inverted staggered (bottom-gate, top-
contact) device architecture on silicon substrates.

2. Results

To minimize the influence of unintentional process variations
on the data analysis, TFTs with PFBT-functionalized Ag con-
tacts and TFTs with PFBT-functionalized Au contacts were fab-
ricated on the same flexible PEN substrate in close vicinity to
each other. The gate electrodes, the source/drain contacts, and
the organic-semiconductor layer were all patterned using silicon
stencil masks.[?’] The gate dielectric is a stack of oxygen-plasma-
grown aluminum oxide (AlO,) and a self-assembled monolayer
(SAM) of n-tetradecylphosphonic acid. It has a thickness of 8 nm
and a unit-area capacitance of 0.6 uF cm=2.1281 The TFTs have a
channel length ranging from 4 to 20 um and a channel width
of 200 um. The schematic TFT cross-section, a photograph, and
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Figure 1. a) Schematic cross-section of DNTT TFTs fabricated on a flexible PEN substrate in the inverted coplanar (bottom-gate, bottom-contact) device
architecture with PFBT-functionalized Ag or Au source and drain contacts. b) Photograph of three TFTs. c) Molecular structures of n-tetradecylphosphonic
acid used in the hybrid gate dielectric, pentafluorobenzenethiol (PFBT) used for contact functionalization, and the organic semiconductor DNTT.

the molecular structures of the organic molecules are shown in
Figure 1.

Figure 2 shows the output and transfer characteristics of flexi-
ble DNTT TFTs with PFBT-functionalized Ag or Au contacts with
a channel length of 4 um. The transfer characteristics were mea-
sured at drain-source voltages of —0.1 and —3.0 V. Drain-induced

barrier lowering (DIBL) causes the threshold voltage to shift to-
wards more positive values when the drain-source voltages is
increased from —0.1 to —3.0 V; however, the threshold-voltage
shift is rather small, less than 100 mV, as seen in Figure 2b.
The effective charge-carrier mobility in the saturation regime is
1.0 cm? Vs for the TFT with the Ag contacts and 1.2 cm? Vs~!
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Figure 2. a) Output and (b—e) transfer characteristics of flexible DNTT TFTs with PFBT-functionalized Ag or Au contacts with a channel length of 4 um.
The transfer characteristics were measured at drain-source voltages of —0.1 and —3.0 V. The effective charge-carrier mobility is 1.0 cm? Vs~ for the TFT
with the Ag contacts and 1.2 cm? Vs~ for the TFT with the Au contacts. Both TFTs have an on/off current ratio of 107 and a threshold voltage of —1.3 V.
The subthreshold swing is 77 mV dec™! for the TFT with the Ag contacts and 73 mV dec™! for the TFT with the Au contacts.
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Figure 3. a,b) Transfer characteristics of flexible DNTT TFTs with PFBT-functionalized Ag or Au contacts with channel lengths ranging from 4 to 20 um,
measured at a drain-source voltage of —0.1 V. ¢) Channel-width-normalized total resistance R,,W extracted from the transfer characteristics at a gate-
overdrive voltage Vs-Vy, of —1.7V, plotted as a function of the channel length. From the linear fit to the TLM data, the contact resistance is extracted by
extrapolation to a channel length of zero. d) Dependence of the channel-width-normalized contact resistance R- W on the gate-overdrive voltage. At a gate-
overdrive voltage of —1.7 V, the channel-width-normalized contact resistance is (377+13) Qcm for the TFTs with the Ag contacts and (319+32) Qcm
for the TFTs with the Au contacts. e) Channel-length dependence of the effective charge-carrier mobility pg. The fit lines follow the equation p.g =
Ho/(14Ly2/L), where L; 5 is the channel length at which the channel resistance is equal to the contact resistance.[*]

for the TFT with the Au contacts. Both TFTs have an on/off cur-
rent ratio of 107 and a threshold voltage of —1.3 V. The subthresh-
old swing is 77 mV dec™! for the TFT with the Ag contacts and
73 mV dec™! for the TFT with the Au contacts.

The transfer characteristics of flexible DNTT TFTs with chan-
nel lengths ranging from 4 to 20 um measured at a drain-source
voltage of —0.1 V are shown in Figure 3a (PFBT-functionalized
Ag contacts) and Figure 3b (PFBT-functionalized Au contacts).
For this drain-source voltage, the subthreshold swing is between
66 and 70 mV dec™' for all TFTs. These are the smallest sub-
threshold swings reported to date for DNTT TFT5.%! The contact
resistance was extracted using the transfer length method (TLM),
as shown in Figure 3c. Figure 3d indicates that the dependence
of the contact resistance R-W on the gate-overdrive voltage is
very similar for the two contact metals. The reliability of the
linear fits to the TLM data for the largest gate-overdrive voltage
of -1.7 V (which corresponds to a charge-carrier density of n =
6.4 x 10'2 cm~2) is very good for both contact metals (R? =
0.996 for the TFTs with the Ag contacts; R? = 0.967 for the
TFTs with the Au contacts). The channel-width-normalized
contact resistance R-W extracted from the TLM data at this
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gate-overdrive voltage is (377+13) Qcm for the TFTs with the
Ag contacts and (319+32) Qcm for the TFTs with the Au con-
tacts. The former is the smallest contact resistance reported
to date for p-channel organic TFTs with a contact material
other than Au or Pt, and both are close to the smallest con-
tact resistance reported to date for DNTT TFTs (see Table 1).
Figure 3e shows that the effective charge-carrier mobility in
the linear regime of operation varies from ~ 1.3 cm? Vs~! for
the smallest channel length (4 pm) to ~ 2.5 cm? Vs™! for the
largest channel length (20 pm) for both contact metals. The
intrinsic channel mobility p, extracted from the slope of the
TLM fit is 2.7 cm? Vs7! for both contact metals. Figure S2
(Supporting Information) shows the evolution of the con-
tact resistance of the flexible DNTT TFTs with PFBT-
functionalized Ag or Au contacts during storage in ambient
air.

For comparison, we also fabricated DNTT TFTs with and
without PFBT functionalization of the contacts in the inverted
coplanar (bottom-gate, bottom-contact) and the inverted stag-
gered (bottom-gate, top-contact) device architecture on silicon
substrates. The results are summarized in Figures 4, S1, and
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Table 1. Literature summaries of p-channel organic TFTs with contact materials other than Au or Pt showing a channel-width-normalized contact resis-
tance of less than 1 kQcm (rows 1-4) and of organic TFTs with DNTT as the semiconductor showing a channel-width-normalized contact resistance
of less than 500 Qcm (rows 5-9). The results reported here are shown for comparison (rows 10 and 11). (BG: bottom-gate; TG: top-gate; BC: bottom-
contact; TC: top-contact).

Reference Device Contact Contact Semiconductor Contact resistance R-W [Qcm] Substrate
architec- material functional-
ture ization
1 Acton et al. (2011) [ BG/BC Ag OPA pentacene 700 silicon
2 Mamo et al. (2017) [33] TG/BC PEDOT:PSS - DPPT-TT 840 flexible PEN
3 Mamo et al. (2017) [33] TG/BC PEDOT:PSS - P3HT 960 flexible PEN
4 Yokota et al. (2011) [34] BG/TC Ag - DNTT 980 silicon
5 McCulley et al. (2021) 3] BG/BC Au (spikes) - DNTT 220 silicon
6 Kraft et al. (2015) [36] BG/TC Au - DNTT 300 flexible PEN
7 Ante et al. (2017) [37] BG/TC NDP-9 + Au doping DNTT 390 glass
8 Fu et al. (2023) [38] BG/TC Au 0, anneal DNTT 409 silicon
9 Kraft et al. (2016) 3% BG/TC Au - DNTT 460 silicon
10 this work BG/BC Ag PFBT DNTT 377 flexible PEN
n this work BG/BC Au PFBT DNTT 319 flexible PEN

Table S1 (Supporting Information). As can be seen, for either  highest occupied molecular orbital, HOMO). However, the rela-
contact metal, the device architecture with the PFBT- tion between these two quantities is obscured by several prob-
functionalized bottom contacts provides the smallest contact lems. One is that the values of the work functions reported in
resistance. Without contact functionalization, however, the literature vary significantly (see Figure 5a). Another problem is
contact resistance of the bottom-contact TFTs is very large  that in organic TFTs, the Fermi level is often pinned to metal-
(>1 kQcm), larger even than that of the top-contact TFTs. Also  induced gap states in the semiconductor, so that the Schottky-
note that the difference in contact resistance between TFTs with ~ barrier height does not scale well with the work function of the
Ag contacts and TFTs with Au contacts is the smallest when  contacts.***!] In other words, the observation that the contact re-
PFBT-functionalized bottom contacts are employed. This shows  sistance of our TFTs with the PFBT-functionalized Ag contacts
that Ag contacts only perform similarly well as Au contacts when  is very similar to that of our TFTs with the PFBT-functionalized
the contact surfaces are properly functionalized. Au contacts could either mean that the work functions of the

The contact resistance of organic TFTs is expected to depend ~ PFBT-functionalized Ag and of the PFBT-functionalized Au in
at least to some extent on the difference between the work func-  our TFTs are very similar, or that Fermi-level pinning forces the
tion of the source and drain contacts and the energy of the  Schottky-barrier height to be very similar in TFTs with either con-
transport level of the semiconductor (in p-channel TFTs, the  tact metal, regardless of whether or not the work functions of the
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Figure 4. Results of TLM measurements performed on DNTT TFTs in the inverted coplanar (bottom-gate, bottom-contact) and the inverted staggered
(bottom-gate, top-contact) device architecture with and without PFBT functionalization of the Ag or Au contacts. These TFTs were fabricated to evaluate
the influence of the device architecture (bottom-contact versus top-contact) and the effect of the PFBT functionalization on the contact resistance. These
TFTs were fabricated on silicon substrates. The output and transfer characteristics of these TFTs are summarized in Figure S1, and the TFT parameters
are summarized in Table S1 (Supporting Information).
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Figure 5. a) Summary of values reported in the literature for the work function of Ag and Au contacts with and without PFBT functionalization. As can be
seen, the values vary significantly (see also Table S2, Supporting Information). b) Summary of values reported in the literature for the increase in work

function of Ag and Au upon PFBT functionalization (®,,,,4 + praT —

PFBT-functionalized Ag and of the PFBT-functionalized Au are
similar. What can be safely concluded from literature, however,
is that for both Ag and Au, the PFBT functionalization leads to
an increase in the work function (see Figure 5b). This increase
is at least partially responsible for the observation that both our
TFTs with the PFBT-functionalized Au contacts and our TFTs
with the PFBT-functionalized Ag contacts have a contact resis-
tance of well below 1 kQcm. Furthermore, it has been shown that
the PFBT functionalization leads to a reduction of the surface en-
ergy of the Ag and Au contacts [*?) and thereby to a more favorable
thin-film morphology of the organic-semiconductor layer on the
contacts,[*}] and this more favorable semiconductor morphology
on the contacts may results in a more efficient injection and ex-
traction of charges at the source and drain contacts.

To be able to distinguish between the efficiency of charge in-
jection (at the source contact) and the efficiency of charge extrac-

(a)

Drain (Ag)

Gate (Al)

Source (Ag) Drain (Au)

Gate (Al)

(I)bare) :

tion (at the drain contact), we also fabricated asymmetric bottom-
contact TFTs with one Ag contact and one Au contact, both func-
tionalized with PFBT. The TFTs can be operated either with the
Ag contact acting as the source and the Au contact as the drain,
or vice versa (see Figure 6a). Previous work showed that for some
contact materials, the performance of asymmetric organic TFTs
depends on which contact is used as the source and which as
the drain.?°32] However, for the DNTT TFTs with one Ag and
one Au contact demonstrated here, we see virtually no differ-
ence between the current-voltage characteristics of the two con-
figurations (see Figure 6b). We interpret this as further evidence
that Ag and Au inject and extract charge carriers into and out
of organic semiconductors with very similar efficiency, at least
for the device architecture (inverted coplanar), the semiconduc-
tor (DNTT) and the contact functionalization (PFBT) employed
here.

(b)

Drain Current I, (pA)

1.2 1
0.8 -
-3.0 -2.5
0.4 4 Source Metal
| wW=200um —— Ag+PFBT
L= 30um — Au+PFBT
0.04 Vos=-0.1V
-3 -2 -1 0

Gate-Source Voltage Vg5 (V)

Figure 6. a) Schematic cross-sections of TFTs with asymmetric contact metals. b) Transfer characteristics of an asymmetric TFT, once with the Ag
contact serving as the source and the Au contact as the drain, and once with the Au contact as the source the Ag contact as the drain. Both contacts

were functionalized with PFBT. The TFTs have a channel length of 30 um and an effective charge-carrier mobility of 2.8 cm? Vs~
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Tin either case.
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3. Conclusion

We have fabricated flexible low-voltage organic TFTs in the in-
verted coplanar device architecture using DNTT as the semicon-
ductor and either Ag or Au for the source and drain contacts. The
contacts were functionalized with a chemisorbed monolayer of
PFBT. Overall, the performance of the TFTs with the Ag contacts
is very similar to that of the TFTs with the Au contacts, especially
with respect to the injection and extraction of charge carriers into
and out of the organic semiconductor DNTT. The contact resis-
tance of the TFTs with the Ag contacts (377 Qcm) is the smallest
reported to date for organic TFTs with a contact material other
than Au or Pt. These results suggest that it may be possible to
replace gold with silver (which is less expensive and lends itself
Dbetter for printable inks) without making substantial sacrifices in
terms of contact efficiency and overall device performance.

4. Experimental Section

TFTs Fabricated on Flexible PEN Substrates in the Inverted Coplanar
(Bottom-Gate, Bottom-Contact) Device Architecture with PFBT Functional-
ization of the Source and Drain Contacts: These TFTs were fabricated on
flexible polyethylene naphthalate (PEN) with a thickness of 125 um (In-
abata Europe GmbH, Diisseldorf, Germany). TFTs with Ag contacts, TFTs
with Au contacts, and asymmetric TFTs (one Ag contact, one Au con-
tact) were fabricated on the same substrate. All layers were patterned us-
ing silicon stencil masks.!?’] For the gate electrodes, aluminum (Al) was
deposited by thermal evaporation in vacuum, to a thickness of 25 nm
and with very small surface roughness.[*] The surface of the gate elec-
trodes was exposed to oxygen plasma and subsequently functionalized
with a self-assembled monolayer (SAM) of n-tetradecylphosphonic acid
(PCI Synthesis, Newburyport, MA, USA) to form a hybrid AlO,/SAM
gate dielectric with a thickness of 8 nm and a unit-area capacitance of
0.6 uF cm~2.[28] For the source and drain contacts, first Au (through one
stencil mask, for one set of TFTs) and then Ag (through another stencil
mask, for a second set of TFTs) were deposited by thermal evaporation in
vacuum, both at a rate of 0.03 nm s~ [#*] and with a thickness of 30 nm. In
a third set, the TFTs are designed to have one Ag contact and one Au con-
tact. The surface of all contacts was functionalized with a chemisorbed
monolayer of pentafluorobenzenethiol (PFBT; TCI Deutschland GmbH,
Eschborn, Germany) by immersing the substrate into a 10 mMol ethanol
solution of the thiol.l'7] The organic semiconductor dinaphtho[2,3'b:2,3'-
flthieno[3,2-bJthiophene (DNTT; Sigma-Aldrich) with a nominal thickness
of 35 nm was deposited by thermal sublimation in vacuum with a rate of
0.04 nm s~ through another stencil mask (for all TFTs) and with the sub-
strate held at a temperature of 60 °C. The base pressure during the vacuum
depositions was ~ 5x1077 mbar. The TFTs have a channel length ranging
from 4 to 20 um and a channel width of 200 um (see Figures 1, 2, 3, 6;
Figure S2, Supporting Information).

TFTs Fabricated on Silicon Substrates in the Inverted Coplanar (Bottom-
Gate, Bottom-Contact) or the Inverted Staggered (Bottom-Gate, Top-Contact)
Device Architecture and with or without PFBT Functionalization of the Source
and Drain Contacts: These TFTs were fabricated on heavily doped sili-
con substrates. An unpatterned aluminum gate electrode was vacuum-
deposited onto each substrate and exposed to oxygen plasma and
functionalized with an n-tetradecylphosphonic acid SAM to form a hy-
brid AlO,/SAM gate dielectric (thickness: 8 nm; unit-area capacitance:
0.6 uF cm™2). Ag and Au contacts for the coplanar (bottom-contact) TFTs
were vacuum-deposited onto the gate-dielectric surface through a stencil
mask. On some substrates, the contacts were functionalized with a mono-
layer of PFBT. A nominally 35-nm-thick layer of DNTT was deposited onto
all silicon substrates simultaneously (in the same deposition run), with the
substrates held at a temperature of 60 °C. Ag and Au contacts for the stag-
gered (top-contact) TFTs were deposited onto the DNTT surface through

Adv. Electron. Mater. 2024, 10, 2300841 2300841 (6 of 7)
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a stencil mask. The TFTs have a channel length ranging from 4 to 40 pm
and a channel width of 200 um. (See Figure 4; Figure ST, Supporting In-
formation).

Characterization: ~ All electrical measurements were carried out in am-
bient air at a temperature of (20+1) °C.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Figure S1. DNTT TFTs fabricated on silicon substrates in the inverted staggered (bottom-
gate, top-contact) device architecture (columns I and IV) and in the inverted coplanar
(bottom-gate, bottom-contact) device architecture (columns II, III, V and VI) with and
without PFBT functionalization of the Ag or Au source and drain contacts (see Figure 4).
(a) Schematic TFT cross-section.

(b) Output characteristics measured at gate-source voltages from -1.0 to -3.0 V.

(c) Transfer characteristics measured at drain-source voltages of -0.1 and -3.0 V.

(d) Square-root of the drain current measured at a drain-source voltage of -3.0 V. From the
linear fit, the effective charge-carrier mobility (u.;) was determined.

These TFTs have a channel length of 4 um and a channel width of 200 pm.

Table S1. Summary of the channel-width-normalized contact resistance (RcW) and the
intrinsic channel mobility (po) extracted from the TLM analysis of the TFTs shown in
Figures 3 and 4.

Substrate | Type of substrate | Contacts | RcW (Qcm) | po (cm?/Vs)
A Flexible PEN Au+PFBT 319+32 2.9+0.3
A Flexible PEN Ag+PFBT 377+13 3.3+0.1
B Silicon Bare Au 1032+45 2.7+0.2
B Silicon Au (top) 651£58 2.3+0.2
C Silicon AutPFBT 335426 3.6+0.2
D Silicon Bare Ag 5890+577 0.3+0.0
E Silicon Ag+PFBT 428+44 2.4+0.2
E Silicon Ag (top) 1924+136 1.9+0.2

2
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Table S2. Literature summary of values reported for the work function of Au and Ag with and
without PFBT functionalization (see Figure 5).

Ref Bare Au | Au+PFBT | Difference Au | Bare Ag | Ag+PFBT | Difference Ag
(eV) (eV) (eV) (eV) (eV) (eV)
1 5.0 5.4 0.4 - - -
2 - - - 5.0 5.6 0.6
3 4.8 5.8 1.0 - - -
4 4.74 4.75 0.01 5.12 5.3 0.18
5 4.83 5.48 0.65 - - -
6 - - - 4.7 5.35 0.65
7 4.97 5.73 0.76 - - -
8 - 4.6 - - - -
9 4.84 5.63 0.79 - - -
10 4.83 5.48 0.65 4.90 5.77 0.87
11 - - - - - 0.54
12 - - - 4.66 5.60 0.94
13 - 5.3 - - - -
14 - - - 4.70 5.37 0.67
15 4.90 5.45 0.55 - - -
16 4.76 5.49 0.73 - - -
17 5.05 5.48 0.43 4.40 - -
18 4.60 5.09 0.49 - - -
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Figure S2. Evolution of the contact resistance of flexible DNTT TFTs with PFBT-
functionalized Ag or Au contacts during storage of the substrate in ambient air for a period of
28 days.
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