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ABSTRACT

Highly crystalline organic thin films possess the ltarge carrier mobilities needed for
high-performance, low-cost flexible electronics. Haever, only few reports exist that show the
integration of these films into short-channel orgait circuits. This work describes the
integration of highly crystalline layers of the themally and chemically fragile small molecule
Cg-BTBT. Thin films of this material are processed bya combination of zone-casting and
homoepitaxial vacuum evaporation and display an avage charge carrier mobility of 7.5
cm?/Vs in long channel transistors. The integration ofthese films into a circuit technology
based on a 5 um channel-length bottom-gate bottoneotact transistor topology results in
inverters with gains up to 40 as well as a robust9tstage ring oscillator. This circuit requires
the simultaneous operation of 80 TFTs and displaya stage delay of 4@s, resulting in an
operating frequency of 630 Hz at an operating voltige of 10 V. With the help of circuit
modelling, we quantify the relationship between thespeed of ring oscillators and the contact
resistance of individual transistors. Indeed, the wccessful integration of highly-crystalline
layers with high intrinsic mobility stresses the ned for advances in contact engineering.

1. INTRODUCTION

Organic thin film transistors (TFTs) are widely died as potential candidates for next
generation flexible, large area electronics[1-Hpécially their good p-type conductivity makes
them a promising match with n-type-only metal-oxitleTs for flexible integrated circuits[6,7].
Recent advances in molecular design and fabricatiomniques have led to mobilities in the range

of 10 cnf/Vs[8-12], similar to amorphous metal-oxide semibactors such as indium-gallium-
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zinc-oxide (IGZO)[7,13]. Improved fabrication techues typically target enhanced order in the
organic thin films [10,12,14-19]. The resultingnig display excellent crystallinity and high
intrinsic charge carrier mobility. However, most tifese efforts have utilized long channel
transistors for electrical characterization in ortke avoid adverse contact effects on the thin film
mobility extraction[20,21]. Yet, as recently remaatdby Klauk[22], the full exploitation of these
highly performing thin films into devices operatathigh frequency requires downscaling of the
channel length. Only very few reports combine thedjits of highly crystalline thin films with the
advantages of short channel lengths and demonstigitefrequency operation[23,24]. One major
reason for this deficiency stems from the fragééune of organic semiconductors, which are easily
destroyed by conventional photolithography[25].haligh several orthogonal photoresist systems
have been proposed to achieve photolithographienatg of the fragile organic layer without
degradation [23-29], these have seldom been deratetston highly crystalline thin films of

organic semiconductors for circuit applications.

Here, we developed a process flow to integratelyigtystalline organic thin films of &
BTBT. This material was chosen as a benchmark dutstcommercial availability and its well-
studied properties, including high reported intisnsharge carrier mobilities[12,30,31]. Moreover,
Cs-BTBT thin films are notoriously fragile, both cherally and thermally, making their integration
a challenge which further validates our approache Tilms are fabricated by our recently
developed lateral homo-epitaxial growth method t@nbines zone-casting and evaporation in
high-vacuum to deliver highly uniform thin films thi cm-long single-crystalline domains[12].
These films are then patterned while retainingrt@drphology and electrical performance. We
integrate these films in a fully patterned prodéss, demonstrating working inverters and 19-stage
ring oscillators. The inverters reached gains upgGavith good yield and reproducibility. The ring
oscillator achieved a stable operating frequency6®d Hz at an operating voltage of 10V,
corresponding to a stage delay of 40 We show that the frequency is limited by thetaon
resistance inherent to the system.

2. EXPERIMENTAL SECTION

2.1. Integration of highly crystalline organic thin film's
As detailed in the Results section, different typésubstrates were used throughout this
study. Prior to organic semiconductor layer growdh, substrates were cleaned sequentially in
heated ultra-sonic baths of detergent, de-ionizedery acetone and isopropanol. After a 15’
UV/ozone treatment, the substrate surfaces wereettately modified with adequate self-

assembled monolayer treatment(s) that ensure pvogtéing during zone-casting and passivates the

2
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dielectric  surface to ensure good electrical  charatics[32]. G-BTBT (2,7-
Dioctyl[1]benzothieno[3,2-b][1]benzothiophene) wagpplied by Sigma Aldrich and purified prior
to usage in a tri-zone purification oven. Solutiereye prepared in anhydrous heptane (from Sigma
Aldrich, 99%). The solution coatings were performetng a home-built zone-casting setup as
previously described[33]. All experiments were daieroom temperature at a coating speed of
20 um/s. Afterwards, additional 50 nmg@TBT was thermally evaporated in an ultra-highwan
chamber at a deposition rate of 0.2 A/s and sulestemperature of 22°C to achieve a closed,
highly crystalline thin film as previously descrdj&@2]. Subsequently, photolithographic patterning
was done using a non-fluorinated, chemically angalif i-line photoresist system[29]. Oxygen
plasma reactive ion etching was used to removeetipesed organic thin film. The active area of
the organic thin film is protected by the photosessystem during this step. Afterwards, the

remaining photoresist is stripped from the sample.

For easy electrical characterization of the thimgi, we used common-bottom-gate/top-
contact transistors based on 3x3 cm highly doplezbsisubstrates with a 170-nm thick thermally
grown SiQ, resulting in a capacitance 6f = 20.3 nF/crh (see Figure Sla-f for schematic). After
substrate cleaning, the Si@vas modified by exposure to a vapor of phenethgh(ioro)silane
(PETS; from Sigma Aldrich, 98%) for 1h in a vacuowen heated at 140°C. The-BTBT thin
film was deposited as described in the previousimecSubsequently, source and drain contacts
were deposited by vacuum evaporation through a ashachask. For contacts, 6 nm 2,2'-
(perfluoronaphthalene-2,6-diylidene)dimalononitrile-TCNNQ) and 50 nm gold were deposited
at a deposition rate of 0.2 A/s and 1 A/s, respebti The transistor channel width was 2035,
while the channel length varied between g@®and 4Qum. The channel was aligned in the coating
direction, so that the initial zone-cast ribbon8yfloridge the gap between the source and drain
contacts. To ensure good electrical characterj2ic®1], the samples were annealed in a nitrogen-
filled glove box at a mild temperature of 50°C @ hours. Afterwards, the individual transistors
were patterned by photolithography as describethénprevious section. Reference devices were
separated by scratching the organic film with a tieedle to create islands of similar shape as the
islands defined by photolithography. A total of 3PBTs were fabricated and measured per sample

which includes 40 TFTs for each channel length.

2.2.Integrated devices: transistor, inverters and ringoscillators
Integrated devices were fabricated on 3x3cnsilicon substrates using a
metal/insulator/metal stack defined by conventiophbtolithography[34] (see Figure S1g-1 for
schematic). After substrate cleaning, the gatetrelde (2 nm Ti/ 100 nm Au) was thermally-
evaporated and patterned by lift-off. Afterwards1@0-nm thick AJOsz layer was deposited by

3
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atomic layer deposition and serves as the gateddi@ with a capacitance & = 80.3 nF/crh
After patterning vias through the dielectric by veéthing, the source and drain electrodes (5 nm
MoO,/ 30 nm Au) were deposited and patterned by lift-Bhe integrated transistor channel width
was 420um, while the channel length varied between fi60and 2um. Channel lengths for all the
transistors in inverters areun. The channel width for the inverters using theug®-CMOS
diode-load design are T155um, T,: 1474um, the pull-up and pull-down transistors have thae
dimensions #u=Tpp: 1474um. In the pseudo-CMOS zeraz¥load design the dimension of &nd

T, are inversed. The same dimensions are used inthescillators. After cleaning and UV ozone
treatment of the substrates, we first treated theskectrodes with 2,3,4,5,6-Pentafluorothiophenol
(PFBT) (from Sigma Aldrich, 97%) to improve chaiggction[35,36] and wetting behavior during
zone-casting[32]. Afterwards, the A& dielectric was treated with n-Tetradecylphosphaal
(from Sigma Aldrich, 97%). Finally, the organic nhiflm was deposited and patterned as
previously described. The zone casting directioa alggned with the channel directions, so that the
initial zone-cast ribbons fully bridge the gap beém the source and drain contacts. A full
description of the fabrication flow for the integgd devices and circuits is given in Table S1 m th

Supporting Information.

2.3. Morphology and electrical characterization
Light microscope images were obtained using an @UBnAX70 microscope in reflected
light. AFM studies were done with a Bruker dimemsiedge scanning probe in tapping mode.
Electrical characterization of the individual TFaad the inverters were done using an Agilent

Agt1500 in dry air. Field-effect mobilities were auvated in the saturation regime using the

conventional transconductance analysis givepdy o = (2L/W)(1/C) (041 /aVG)Z, whereC
is the gate capacitance per unit area. Threshdtdges are obtained by the intercept of the sldpe o

the current g2

, taken at the region of the mobility plateau, witle gate voltage axis. Saturation
measurements of the top-contact transistors wene @m the common gate devices at a drain
voltage ofVp =-40 V while sweeping the gate voltage frdfe= 10V toVs =-40 V, while the
bottom-contact transistors were measured a drditage of Vp = -20 V while sweeping the gate
voltage fromVg =20 V to Vg =-20 V. Contact resistance measurements were ootiee linear
regime at a drain voltage ® = -1 V. Electrical characterization of the ringcitistors were done
using an Agilent 4156C in ambient air. The osdilatwas measured using a picoprobe 34A from
GGB Industries and an Agilent DSO6102A oscilloscopke measurements were performed at

Vob=5V anstsz Vop =-5 V.
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3. RESULTS AND DISCUSSION
3.1.Integration of highly crystalline organic thin film's

The patterning of the organic semiconductor is méony to ensure good electrical isolation
and thereby avoid leakage currents that appeaghddif-currents in the TFT characteristics. First,
we optimized the photolithographic patterning psscef highly crystalline organic layers. We
achieved patterned structures with very sharp ettggserfectly preserve the film morphology in
the areas protected by the resist and entirely venitoin the unprotected areas (Figure la). The
minimum feature size is arounduth as shown in Figure 1b and c. This means thatamepattern
the G-BTBT layer down to island sizes of few micromefEhnis resolution is sufficient to integrate
organic thin films into state of the art inverteasd ring oscillators which only require
semiconductor islands in the range of few tensiocfameter.
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Figure 1 Patterned«BTBT films. (a) AFM image of the edge of a largeusture showing a sharp
feature edge. (b) AFM image of the smallest pagtérstructure sizes. (c) Topography along the
black line of (b) showing patterning line widths®fim. Inset shows the molecular structure g¢f C
BTBT.

To investigate the impact of photolithographic gating on the electrical performance of the
highly-crystalline organic films, we fabricated twh-gate/top-contact thin film transistors. The
process flow of the fabrication is schematicallpwh in Figure Sla-f. After the deposition of the
highly crystalline @G-BTBT organic thin film on the complete substratng the lateral homo-
epitaxial growth method[12], we deposit the sousoel drain electrodes by vacuum evaporation
through shadow masks (Figure S1b). Depositing kbetredes ensures an easy fabrication process,
but limits the channel length of the transistod@®um. The photoresist is then deposited, exposed
and developed (Figure Slc, d). After the etchinghefunprotected organic thin film layer and the
subsequent stripping of the remaining photoresigjufe Sle, f), we obtain individual transistors

with photolithographically patterned organic thilmfislands. In order to assess the influence ef th
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photolithographic steps on the electrical perforoearreference samples were also fabricated in
parallel but with organic thin film islands pattethby scratching with a thin needle. Note that
depositing the electrodes before patterning theardog film ensures that the semiconductor-
electrode interface is not influenced by the pattgy process. Moreover, this yields the best
alignment precision since photomasks are aligned lhygh-precision system while the shadow

masks are aligned by hand.

Figure 2 compares typical electrical charactessbicthe photolithographically patterned thin
film transistors with reference devices. We achieaémost identical average device performance
for the samples that underwent the photolithogmaptatterning process as for the reference
samples. The photolithographic patterning procesisenign to the organic thin film, despite the
high fragility of G-BTBT thin films to processing conditions. For lorbannel length devices
(L = 200 pm), we obtain well-behaved transfer charistics with high on-off ratios (>1J) on-set
and threshold voltages around 0V and -5V respelgtiand small hysteresis (Figure 2a). The
effective mobility in the saturation regime show®rmad mobility plateau at 7.5 éfs over a
large gate voltage range (Figure 2b), which in@isaminimal non-linear contact effects and
validates the use of gradual channel approximafimm mobility extraction[20,21,37]. Upon
decreasing channel lengthsthe effective mobility lowers down to 5 és atL = 40pm, due to
the increased weight of contact resistance (Figaje The evolution of effective mobilifyes with
channel length is fit by:

Herf = ﬁ (1)

L

where Wiy is the intrinsic mobility of the thin film semicdoctor without detrimental contact
effects, andL,, is the channel length below which contact resttadominates over channel
resistance[31,38,39]. The fit in Figure 2c delivess = 8.1 cni/Vs andLy, = 25 um. This relation

is also useful to extrapolate the effective mopilib channel lengths lower than what can be
achieved in practice with shadow mask patterningciannel lengths of pm, we would only

obtain effective mobilities of about 1.4 &ivis.
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194 Figure 2 Comparison of typical electrical characteristicyr fC-BTBT films patterned by
195 photolithography and scratched reference devices.obVvious difference is observed between
196 lithographically patterned and reference devices. Transfer curves in saturation and (b) the
197 corresponding mobility versus gate voltage cur¢@sExtracted saturation mobility as a function of
198 channel length. (d) Contact resistaf&V extracted by the transfer line method, reachinges
199 around 5 Kcm. Each data point in (¢) and (d) correspond$i¢oaverage value and spread of the
200 measured 40 devices for each channel length.

201

202 The mobility drop in lower channel length and tlkeétively longLi, indicates that contact
203 resistance affects the shortest devices despitddped E-TCNNQ interlayer between the organic
204 semiconductor and the gold contact. The contadstegxes is extracted using the transfer length
205 method (Figure 2d). It is minimal (~%Xcm) at the highest gate voltagks = -40V and then
206 typically increases with smallgig|. These contact resistances values are among thestiow
207 published for @BTBT[35,40,41]. Only very thin films might be able further reduce the contact
208 resistance for top-contact devices[42]. As for ttansfer curves, the contact resistance remains
209 unaffected by the patterning process: The photuithphy does not cause damage to the
210 semiconductor/electrode interface. As this pattgrmrocess preserves both the organic thin film
211 and the contacts, then it also preserves the eonlof effective mobility with channel lengths in
212 Figure 2c. The device to device reproducibility escellent, enabling the integration of these
213 devices into more complex circuits [43].
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3.2.Integrated transistors

In this section, the optimized highly crystalling-BTBT thin films described so far are
integrated into a circuit technology. The mostigtiHorward integrated transistor topology is a
bottom-gate/bottom-contact architecture whose rhesallator/metal stack is patterned by
photolithography prior to the deposition and paiitey of the fragile organic thin film. This
coplanar transistor architecture is far easier d@bori€ate, but it also usually results in inferior
electrical characteristics when compared to thggseed architectures, due to its lower charge
transfer area and its difficult doping of the catsfd4,45]. To somewhat alleviate these issues, we
chose a combination of Mgnd Au for the source/drain electrodes as they tmen shown to
result in increased carrier injection for p-typengsonductors, leading to lower contact resistances,
smaller threshold voltages and higher effective ifit@s[40,46]. The simple fabrication of the
bottom-gate-bottom contact topology enables higidyiFor example, its past implementation with
pentacene has already delivered fully operatidaale and complex circuits (microprocessor with
3381 OTFTs)[47]. This topology therefore remaingiable route for integration of circuits with

large transistor count.

Figure 3 shows the electrical characteristics @& thlly photolithographically patterned
bottom-gate/bottom-contact transistors with higbitystalline organic semiconductor. We achieve a
good switching behavior with high on-off ratios @fland onset voltages close to 0V in Figure 3a.
The mobility curves in Fig. 3b for long (100 pm)dashort (5 um) channel devices can be directly
compared to the mobility curves of the top contd®tice in Fig. 2b. This reveals a mobility loss
and a deepening of the threshold. This performdose upon integration and downscaling is a
direct consequence of the higher contact resistantiee bottom-contact topology: it is about an
order of magnitude higher than for the top-cont@uahitecture (Figure 3d), reaching values of

40 kQacm at the highest gate voltage.

Figure 3d also shows the channel resistance cé&culéor the intrinsic mobility of
Hint = 7.5 cni/Vs measured in the previous section. Thanks te High mobility, the channel
resistance of short channel bottom contact is Wwelbw the contact resistance. In consequence,
downscaling these high-mobility devices only maagjjnimproves the on-current of the transistors,
as the total resistance of the transistor is fdtninated by the contact resistance. For example,
scaling the channel length by a factor 20 in FigRaeonly brings a two-fold increase in on current.
In consequence, the effective mobility extractedtfeese devices in Figure 3b using the standard
gradual channel approximation model has a sevexengt length dependence and does not show a
clean broad plateau region above threshold. Thideis ill-suited to fit transfer curves of contact
dominated thin film transistors[20,21]. Yet, we iit Figure 3c the channel dependence of the

8
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effective mobility using Equation 1 withi,; = 4.7 cnd/Vs andLy, = 85 pm. As channels shorter
than L, are dominated by contact, this confirms that ~9&%he resistance of the 5 um long
channel is encountered at the contacts. Indeedtactomesistance takes a very high toll in
downscaled transistors based on highly crystalfi@s with high mobility. Unfortunately,
improving charge injection in the bottom contachfiguration is a challenge as it is difficult to
propose contact-doping strategies that do not cantte the semiconductor-dielectric interface or
perturb the film growth.
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Figure 3 Electrical results of fully integrated tmoh-contact transistors. (a) Transfer curves in
saturation and (b) the corresponding mobility vergate voltage curves for short channel and long
channel devices. The channel length only has ainarmfluence on the current, as the device is
severely contact limited. (c) Effective saturatiorbility as a function of channel length. (d)
Estimated contact resistané®W as extracted from the TLM measurements, reachi@ges
around 40 Rcm for the bottom contact-devicdR:W is plotted as a function of charge density to
allow comparison of the top and bottom contact logies despite different insulators.

3.3.Integrated inverters

Despite the high price paid to contacts in indialduransistors, we pursued their integration
into circuits. Complex digital electronic circuigge usually built up from large amounts of logic
gates, the simplest of which are inverters. Then gmid noise margin extracted from inverter

9
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characteristics are useful to quantify the robustnef the digital circuit to transistor parameter
variations[43]. The two most common inverter desigmthe literature are the zergsoad and
the diode-load. The advantage of the zegg-Mad logic is its high noise margin and therefore
large circuit robustness, but it requires normalfyeevices, that is a positive onset-volt&gein p-
type logic. The advantage of the diode-load logigts superior operation speed, but it requires
smaller variations during the fabrication procesg d¢o its smaller noise margin. To reduce the
variations from the thin film fabrication flow, ware using our previously developed lateral homo-
epitaxial fabriation technique to fabricate higlalystalline thin films with small device-to-device
variations (<10%)[12]. Moreover, we employ pseuddd@sS logic as it shifts the trip voltage
towards the middle of the supply rail. This guaessta high gain and noise margin, hence a robust
technology with higher noise immunity for realizitagge scale digital circuits[7,48]. But it comes
at the expense of a supplementary power supplydiailver operation and a higher footprint. We
fabricated both the pseudo-CMOS zergslbad (Figure 4a) and pseudo-CMOS diode-load (fegur
4d) inverters, and compare their electrical charastics. As in our previous work[6], critical
dimensions used for mimimal line widths, overlagwacy, line seperation etc. are defined by the
photolithographic patterning step and are chosebet&um. The channel lengths were therefore

also chosen to bedn for all the transistors employed in the invertms ring oscillators.

C
zero-Vgg S 40F ' }:. 44
S S
20 {2 £
= £
g‘) [ — g
V.=V, GND 0 ob— . 1 Ip "
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diode-load Vi (V) Vo (V)

Figure 4 Inverter circuit design and measurements. (a)e-fyseudo-CMOS zerog¥load circuit

design and (b) the measured inverter curves ofdbsggn. (d) p-type pseudo-CMOS diode-load
10
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circuit design and (e) the measured inverter cuofehis design. (c) Small-signal voltage gain and
(f) noise margin of both inverter designs as a fimmcof the supply voltag¥pp.

Figure 4b and e show the output voltageJ;) vs. input voltage\(jn) characteristics for both
the pseudo-CMOS zerogéload and pseudo-CMOS diode-load logic, respectivBbth designs
show a good rail-to-rail voltage inversion withptwoltages close to the middle of the supply rail,
especially for higher operating voltagés, andVss Moreover, both designs already operate at low
voltagesVpp = 2.5V. This is especially remarkable considetting not so high capacitance of the
gate dielectric and the low transistor thresholdages. As expected, the pseudo-CMOS zegzg-V
load design shows very steep switching from highote output voltages. This results in small-
signal voltage gains up to 40 in Figure 4c. Thelbgignal voltage gain is probably limited by the
measurement resolution rather than its intrinsiégpmance, as we only measured at step sizes of
0.25 V. This high gain combined with the trip vgiéaclose to the middle of the power rail results in
high noise margins up to 48% Whp (Figure 4f), which is close to the maximum possihbise
margin of 50%. The pseudo-CMOS diode-load desiglvets gains that are one order of
magnitude lower than their zerazycounterpart. Nevertheless, the trip voltage is alsse to the
middle of the supply rail and therefore this logiso achieves very good noise margins of up to
29% ofVpp. Note that using a pseudo-CMOS logic, the thecaktioise margin limit is only half of
that of conventional logic. According to this defion, our relative noise margins are in fact only
half as well, reaching values up to 24% and 14.5%he supply voltage for the pseudo-CMOS
zero-Vgss and diode-load logic, respectively.

3.4.Integrated circuits

We used the same peudo-CMOS inverter structuresa il9-stage ring oscillator
configuration. As schematically shown in Figure &d,additional inverter stage is added after the
actual ring oscillator in order to reduce the loddhe needle probe and therefore avoid influencing
the oscillation speed. With 4 transistors per stdige 19-stage ring oscillators uses a total of 80
transistors. Note that most ring oscillators in dinganic thin film transistor literature employ femw
stages and therefore fewer transistors. Indeegk lang-oscillators are more difficult to produce a
circuit yield decreases with increasing amounttafjes[43]. Larger oscillators, however, constitute
a better benchmark to evaluate the ability of dagrated technology to deliver larger circuits[49].
Figure 5a-c show optical images of a pseudo-CM@S8edioad ring oscillator structure. The zone
casting was performed perpendicular to the fingétbe interdigitated source and drain electrodes.
As seen previously[32], the bottom-contact eleasothave no influence on the film formation
during the coating process: Continous single-chyséaribbons of G-BTBT completly bridge the

channel between the interdigitated fingers. Thé&etailakes on top of the ribbons in Figure 5c¢ are
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due to non-eptixial grains that form during regrown top of the single crystalline ribbons and do
not impact charge transport at the interface withdielectric. Finally, these pictures also shoat th
the photolithographic patterning of the organiotfiim is clean, leaving no defects or residues.

With the pseudo-CMOS diode-load design, we achievethble operation frequency around
630 Hz, corresponding to a stage delay ofigQat a voltage o¥pp =5V, (Figure 5e). Like the
inverters, the ring oscillator already shows stafyperation atVpp = 2.5V with an oscillating
frequency of 180 Hz, corresponding to a stage defal4Ous. In the pseudo-CMOS design, the
actual operating voltage is the difference betwéghnandVss thus, for comparison with standard
designs, the operating voltage of pseudo-CMOS dsgllators is always twice th¥pp. The
pseudo-CMOS zero-d4load design resulted in operating frequencies 0fH2 that do not
significantly increase with increasingp. Although the inverters of this design show higbetic
performance in Figure 4c and f, the dynamic peréoroe of the pseudo-CMOS zergMoad logic
is much lower due to the large capacitance at thpub node. Moreover, the zergs¥load design
requires normally on transistord/,f > 0V), but in our case, the transistors are ndsmaff
(Von < OV) which further decreases the speed of thags€MOS zero-¥sload logic.

—

casting direction

. . .
V,,=5V, f=630Hz

X TR RS
[[>,...4>h4>ﬁ~ | A e
N1 N19 g E — 20 cm’/Vs

i

[ — 10 cm’/Vs

| = — 5 cm’/Vs

19-stage F — 1 cm’/Vs

ring oscillator 00 10 20 1 1 ™ ™
time (ms) R.W (Qcm)

this work

Figure 5 Fully patterned ring oscillators. (a), fight field microscope images, (c) polarized tigh

microscopy image. (d) Schematic of the measuresemp. (e) Measured signal output of the ring
oscillator, resulting in an oscillating frequencl @80Hz. (f) Simulated dependency of the ring
oscillator frequency on the intrinsic charge carnmebility and contact resistanéeW. BGBC are
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the bottom-gate/bottom-contact devices used inghidy. BGTC shows what would be possible
with the extracted contact resistance for bottote/ti@p-contact devices.

While we were able to obtain well-behaved robustdascale ring oscillators at low
operating voltages, the resulting operating fregyemmains an orders of magnitude lower than
what has been previously achieved[34]. This is metessarily expected, considering the high
intrinsic mobility of our highly crystalline £BTBT thin films. The slower operation of our dessc
is partially due to the choice of the slower pse@®OS design. The contact resistance also plays
an important role in limiting the frequency. Inde&then assuming a mobility gf= 7.5 cni/Vs
and a threshold voltage d&fi, =-1V, simple SPICE simulations predict operatiingquencies
around 65 kHz for the exact same geometry and tpgraoltages as our actual pseudo-CMOS
diode load 19-stage ring oscillator. Hence, thé esaillator operates around 2 orders of magnitude
slower than ideally expected. The simulation alyetatkes all the geometric parasitics, e.g. due to
the overlap capacitance, into account. Therefdre main cause for lower oscillating frequency is
the lower effective mobility due to contact resmte. The effective mobility can be calculated from
the intrinsic mobilitypin: and the contact resistan@gby:

1
-
1+ ERWC; (VG —Ven—Vps)

Heff = Hint ()

where C; is the gate-dielectric capacitandg, is the threshold voltage ands and Vps are the
applied gate and drain voltage, respectively[5Q]rily ring-oscillator operation, the T1 transistor
with W/L = 155 um/5 pm is the speed-defining devit@pproximately reaches its highest current
when biased witlVg = Vpp andVps = Vpp/2. Using Equation 2, the effective mobility of tltevice

is in the range ofier = 0.075 criYVs, that is 2 orders of magnitude smaller thanrttedility of the
long channel, top-contact devices in Figure 2b.il@mobservations were already seen in the single
transistor bottom-contact devices. Clearly, thisluced effective mobility of the bottom-
gate/bottom-contact integrated transistors is nesipte for the rather slow ring oscillator operatio
To achieve higher operating frequencies with theesgeometry, one would have to significantly
reduce the contact resistance by e.g. moving ttaggsred transistor architecture, which poses

serious integration challenges.

We further elaborated the SPICE model of the ps€lMd®S diode load 19-stage ring
oscillator in order to fully assess the impact ofitact resistance on circuit operation. In the rhode
we added additional resistors to every transistosilnulate the effect of contact resistance. The
simulation, shown in Figure 5f, further confirmsaththe operating frequency is criticially
dependent on the contact resistance. Two regionpearation are shown in the figure, separated by
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a threshold contact resistance value. Below thidslad very low contact resistance (eRgW ~

1 Qcm), the contact resistance is still small compaoeitie channel resistance and frequency shows
a slow linear decrease with RcW. Also, in this gdat region, the frequency scales linearly with the
intrinsic charge carrier mobility of the thin filpn,, as expected from theory. Above the threshold,
however, the operating fregency exponentially deswe with increasing contact resistances
resulting in a very sharp circuit speed drop. Tlau® of the threshold becomes lower as the
intrinsic mobility increases, since devices usinghkr mobility thin films are more sensitive to
contact effects. For example, in an oscillator Hase a semiconductor it = 10 cnf/Vs, the
expontential loss of frequency starts frégv = 100QQcm onwards. As a result, all frequency vs.
contact resistance characteristics fall onto eableroonce the contact resistance reaches typical
values observed in integrated organic thin filrmsiator of a few &cm[31]. Hence, the intrinsic
mobility of the organic semiconductor film has ordy marginal effect on the expected ring
oscillator frequency. The simulation of our ringciiator predicts a frequency around 500 Hz for
the contact resistance extracted for our bottonmammevicesR.W = 40 kdcm atVg = -Vpp). This

fits very well the actual measured value of 630(plain star symbol in Figure 5f).

As seen in the comparison between the transfertHenggasurements of staggered and
coplanar (Figure 3d) transistor topologies, thegmation of a bottom-gate/top-contact transistor
could reduce the contact resistance by about aar @fl magnitude and therefore increase the
operating frequency by a similar factor, providduhtt capacitive coupling between gate and
source/drain electrodes is maintained at the saxed (hollow star symbol in Figure 5f). Even such
contact resistance in the range of fe@ckn remains too high to take advantage of the emthnc
mobility of highly crystalline organic semiconductdms. In reality, exploiting the full potentiaif
these films would require contact resistance vafimaller than 10@cm, which is in the range of
the best values published in the field for simplen-integrated devices[17,20]. Clearly, high-
mobility semiconductors do not present a clear gairintegrated circuit applications, unless they
are accompanied by improvements in charge injecéiod extraction between the source/drain
electrodes and the semiconductor film[22].

This analysis is based on transistors with 5 pmmiebllengths. Moving to smaller channel
lengths puts even stronger requirements on theacorgsistance as this shifts the contact resistanc
threshold to exponential frequency loss towardsloand lower values (see Figure S2). Even with
record contact resistances of a few tengdom, the speed gain conferred by smaller channel
lengths is negligible. Figure S2 nevertheless resvideat the operating frequency still increases in

the same proportion as the channel length decre@bisfrequency gain is solely due to the lower
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parasitic capacitances in the downscaled archrecsince in our model, all transistor dimensions

are scaled with the same proportions.

4. SUMMARY

In this work, we discussed the integration of hygtilystalline, high-performance thin films
of an organic semiconductor,gBTBT, into simple logic gates and circuits. Thg-ETBT is
processed by zone-casting followed by an homoepitaggrowth by vacuum evaporation, which
delivers high quality thin films with mm-long sirgtrystal domains and an intrinsic charge carrier
mobility of 7.5 cni/Vs. The patterning of such films using an orthaggshotolithography process
is well-suited for integration since it results #harp patterns with no damage to the film
morphology or its electrical performance. We thereffabricated organic transistors, inverters and

ring oscillators based on a bottom-gate/bottom-acrdarchitecture with a channel length of 5 um.

This integration inevitably leads to an elevation dontact resistance (in the range of
40 kQcm) and a corollary loss in effective mobility down0.1 cni/Vs. Nevertheless, thanks to the
pseudo-CMOS architecture, the inverters show weltldved voltage curves with full rail-to-rail
switching, small-signal gains as high as 40 andgexonargins close to the theoretical optimum.
Furthermore, we successfully fabricated 19-stagg ascillators based on 80 transistors with the
photolithographically patterned highly crystalli@g-BTBT film. The oscillators reach frequencies
around 600 Hz, corresponding to a stage delay of4@t a supply voltage &bp = -Vss= 5V. Our
circuit simulations clearly show that the contaesistance is the limiting factor in the ring
oscillators and cancel the gains expected fronuieeof a high-performance semiconductor film.
Any effort aiming at the integration of OTFTs nesigates to match improvements in charge carrier
mobility of the semiconductor with improvementstire contact resistance of transistors. No gain

will be obtained from a mobility improvement only.
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