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Triethylsilylethynyl anthradithiophene (TES ADT) forms weak van der Waals crystals in the solid
state because its bulky TES side groups limit intermolecular interactions. Consequently, TES ADT melts
easily and locally when it experiences heat conduction from the metal evaporation process to form electrical
contacts. The performance of TES ADT thin-film transistors is thus highly dependent upon the manner
in which electrical contacts are established to the organic semiconductor. Bottom-contact TES ADT
thin-film transistors in which the electrodes are fabricated prior to the organic semiconductor deposition
routinely exhibit a charge-carrier mobility of 0.1#1.0.05 cn#/V-s. Top-contact thin-film transistors with
electrodes patterned directly on top of TES ADT by metal evaporation through a shadow mask, on the
other hand, exhibit highly variable device characteristics with a charge-carrier mobility40.033
cn?/V-s. To avoid thermal damage to TES ADT during electrode fabrication, we separately defined gold
source and drain electrodes on elastomeric stamps and then laminated the electrodes against TES ADT
to form top-contact devices. These laminated top-contact thin-film transistors exhibit device characteristics
with minimal current-voltage hysteresis and an enhanced charge-carrier mobility of40.096 cn#/

V-s.

Introduction studied triethylsilylethynyl anthradithiophene (TES ADTY,
a p-type organic semiconductor that has previously been
Solution-processable organic semiconduétdrare desir- shown to exhibit a charge-carrier mobility0.1 cn®/V-s in
able because they enable low-cost deposition methods, suchyottom-contact thin-film transistofs. The bulky TES side
as spin casting or drop casting, for fabricating organic thin- groups make this material readily solubdad facilitate low-
film transistors. Additionally, the morphology of solution-  cost solution deposition techniques, but they limit the
processable organic semiconductors can be manipulated byntermolecular interactions in the solid state. Examination
controlling the solvent evaporation rate during depositidn,  of the compound’s crystal packing (see schematic of crystal
or with straightforward postdeposition solvenapor an-  packing in Figure 1) reveals minimai-face interactions
nealind and thermal annealiffgIn particular, we have  between adjacent molecules. Ti@rbital overlap that does
exist in TES ADT, however, provides sufficient atomic
*To whom correspondence should be addressed. E-mail: lloo@princeton.edu. cONtact to allow efficient charge transpéttThe material
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(1) Anthony, J. E.Ch)é'm. Re. 2006 106, 5028. J/gt? or tetracene, which melts at 34C with a melting

(2) Anthony, J. E.; Brooks, J. S.; Eaton, D. L.; Parkin, SJRam. Chem.  enthalpy of 695.6 J/¢§¢ Consequently, TES ADT requires
Soc.2001, 123 9482.

(3) Anthony, J. E.; Eaton, D. L.; Parkin, S. Rrg. Lett.2002 4, 15.

(4) Payne, M. M.; Odom, S. A.; Parkin, S. R.; Anthony, J.Gig. Lett. (9) Payne, M. M.; Parkin, S. R.; Anthony, J. E.; Kuo, C.-C.; Jackson, T.
2004 6, 3325. N. J. Am. Chem. So005 127, 4986.
(5) Payne, M. M.; Parkin, S., R.; Anthony, J. E.Am. Chem. So2005 (10) Kwon, O.; Coropceanu, V.; Gruhn, N. E.; Durivage, J. C.; Laquin-
127, 8028. danum, J. G.; Katz, H. E.; Cornil, J.; Bredas, J.JL..Chem. Phys.
(6) Sheraw, C. D.; Jackson, T. N.; Eaton, D. L.; Anthony, JA&:. Mater. 2004 120, 8186.
2003 15, 2009. (11) Campbell, R. B.; Monteath Robertson, J.; TrotteActa Crystallogr.
(7) Dickey, K. C.; Anthony, J. E.; Loo, Y.-LAdv. Mater.2006 18, 1721. 1961, 14, 705.
(8) Chen, J.; Anthony, J.; Martin, D. d. Phys. Chem. R006 110 (12) Kafer, D.; Witte, G.Phys. Chem. Chem. Phy2005 7, 2850.
16397. (13) NIST Standard Reference Database, no. 69, June 2005.

10.1021/cm071018c CCC: $37.00 © 2007 American Chemical Society
Published on Web 10/09/2007



Electrical Contact to the Weak Crystals of TES ADT Chem. Mater., Vol. 19, No. 22, ZX11

charge-carrier mobility of 0.19 0.06 cn#/V-s. Our results

reveal the extent that chemical derivatization of organic
;"\F"\ semiconductors can influence their physical properties and
emphasize the need to use patterning strategies that specif-
I ically account for their materials properties when establishing
/:! electrical contact during device fabrication.
3 /‘\/‘\/‘\) Experimental Section
i TES ADT Thin-Film Transistor Fabrication. TES ADT was
synthesized according to previously published procediBestom-
~ A and top-contact TES ADT thin-film transistors were fabricated on
[ prime-grade, heavily doped silicon wafers with 100 nm of thermally

grown silicon dioxide (Nova Electronics), which served as the
common gate and gate dielectric, respectively. In bottom-contact
Figure 1. View of the TES ADT crystal packing normal to the aromatic thln-fllm.tl’ahSIStOI’_S, the source and drain electrodes, ConSIS.tmg of
a-faces showing minimat-overlap between adjacent molecules. Yellow @95 NM tl_tgnlum_str.lke layer and 40 nm gold, were patterned directly
represents sulfur, green represents silicon, and black and gray represenon the silicon dioxide surface through a shadow mask by electron-
carbon atoms on different planes. We note that the placement of the sulfurbeam evaporation. The channel lengths were 460 and the
atoms within a TES ADT crystal is disordered, i.e., it is equally probable - hanne| widths were 10Q@m. Following electrode deposition, the
to find the mirror image of the molecules in the figure where the sulfur . . . o
atoms are flipped. patterned silicon platform was sonicated in deionized water for 3
min, dried under a stream of nitrogen, and placed in a UV/ozone

significantly less energy to disorder its crystals compared to ¢hamber for 10 minA 2 wt % solution of TES ADT in toluene
pentacene or tetracene. This physical characteristic of TES(Flsher Scientific) was then spin-coated on the UV/ozone-treated
ADT has allowed us to -routinely spin-cast amorphous thin transistor platform at 1000 rpm. Following deposition (the TES

. . . . ADT film is amorphous), the as-spun thin-film transistors were
films whereas other solution-processed organic semiconduc-peateq in air at 99C for 2 min to remove residual solvent and

tors tend to crystallize as the solvent rapidly evaporates then annealed in a dichloroethane-vapor-rich environment-fao2
during the spin-casting proceSSIES ADT can then be  min at room temperature to crystallize as-spun TES ADIo
controllably crystallized in a subsequent solvewapor eliminate parasitic leakage currents, individual thin-film transistors
annealing step.The ease with which the material melts has were isolated by scratching through the TES ADT thin film with a
also enabled us to pattern TES ADT using selective UV razor blade in the nonchannel regions of the devices. Isolation of
illumination or with PDMS stamp¥ Limiting TES ADT devices can also be accomplished over large areas by selective UV
to the channel region using these patterning schemes haglumingtion during crystallization or with PDMS stamps postcrys-
effectively reduced parasitic leakage and off currents in theset@llization:

thin-film transistors. On the down side, TES ADT has a 10 fabricate top-contact transistors, TES ADT solution was spin-
tendency to melt easily and locally when it is directly coated on highly doped silicon wafers with 100 nm of thermally

exposed to gold evaporation during the electrode fabrication grown silicon dioxide immediately following the cleaning proce-

f hin-fi . A h th dures outlined above, and TES ADT spun films were crystallized
process of top-contact thin-film transistors. As such, the by exposure to solvent vapoftsGold source and drain electrodes

device performance of these top-contact TES ADT thin-film (49 nm) were defined directly on the crystalline TES ADT thin
transistor®*%is poor. In fact, many of the devices fabricated  fiims by gold evaporation through a shadow mask at either 1 or 10
in this fashion do not exhibit any field effect characteristics. A/s. Individual transistors were isolated by scratching through the
Of the 26 devices that are functional, the average charge-TES ADT thin film in the nonchannel regions. The electrodes for
carrier mobility is 0.044+ 0.03 cn#/V-s; this value is the laminated top-contact thin-film transist&rg were fabricated
statistically lower than the charge-carrier mobility we had separately on a poly(dimethylsiloxane), PDMS, stamp with raised
previously reported for bottom-contact TES ADT thin-film features resembling the source and drain_ electrodes. The PDMS
transistors (0.1% 0.05 cn#/V-s). When we avoid exposing ~ Stamps were created by casting and curing Sylgard 184 PDMS
the organic semiconductor to the electrode fabrication process?éPolymer (Dow Coming) against a silicon master previously
and form top-contact devices by bringing predefined source patterned by. conventional photolithograptiythe PDMS S”rfac.e
. . o .~ was then activated by exposure to UV/ozone for 8 min. Immediately

and drain electrodes into .contact a}nd Iamlngt'lng them agalnstm”OWing UV/ozone treatment, 2 nm of titanium and-<58 nm
TES ADT,'""* these devices routinely exhibit an enhanced of goid were sequentially deposited on the raised and recessed
regions of the PDMS stampdut not on the sidewaltsresulting
(14) Dickey, K. C.; Han, L.-H.; Chen, S.; Anthony, J. E.; Loo, Y.Appl. in electrically isolated gold electrodés.The titanium layer
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(15) ?I?aégc,c.;Jansen, H.; Campitelli, A.; Borghs (8. Electron 2005 PDMS stamp$’ To fabricate laminated top-contact thin-film
(16) Baude, P. F. Ender, D. A.; Haase, M. A.; Kelley, T. W.; Muyres, D.  transistors, isolated gold contact pads, consistfraynmtitanium

V.; Theiss, S. DAppl. Phys. Lett2003 82, 3964. strike layer and 40 nm of gold, were also defined on the silicon
(17) Loo, Y.-L.; Someya, T.; Baldwin, K. W.; Bao, Z.; Ho, P.; Dodabalapur,
A.; Katz, H. E.; Rogers, J. AProc. Natl. Acad. Sci. U.S.R002 99,

10252. (20) Lee, T.-W.; Zaumseil, J.; Bao, Z.; Hsu, J. W. P.; Rogers, PrAc.
(18) Zaumseil, J.; Someya, T.; Bao, Z.; Loo, Y.-L.; Cirelli, R.; Rogers, J. Natl. Acad. Sci. U.S.A2004 101, 3322.

A. Appl. Phys. Lett2003 82, 793. (21) Loo, Y.-L.; Willett, R. L.; Baldwin, K. W.; Rogers, J. AAppl. Phys.
(19) Lee, T.-W.; Zaumseil, J.; Bao, Z.; Hsu, J. W. P.; Rogers, PrAc. Lett. 2002 81, 562.
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dioxide surface around the exterior of the crystalline TES ADT -~ -14 -0.10

thin film. The PDMS stamp with gold source and drain features §_ -12}(a) 0.05 (b)

was then nondestructively laminated against the crystalline TES : '12 e

ADT thin film, ensuring that the electrodes contacted both the & :6 0.00

crystalline TES ADT thin film and the gold contact pads to complete q'_; -4 0.05

the laminated top-contact thin-film transistors. We probed the '5 -2

current-voltage characteristics by making direct contact to the gold  Q 0 010

contact pads. c _50 10 -20 -30 _250 -5 10 15 -20
Sample Characterization.Electrical characterization of all the E -4 (c) -20 (d)

TES ADT thin-film transistors was performed using a Karl Suss Q. -3 15

Probe Station and an Agilent 4156C Parameter Analyzer. Charge- 8 2 10

carrier mobilities were extracted from the currembltage char- = 5

acteristics by plotting the square root of the sourdein current g )

versus gate voltage at a souradrain voltage of—20 V. Atomic () 00 10 -20 -30 00 10 20 -30

force microscopy (AFM) images were collected in tapping mode .
with a Veeco Instruments Dimension 3100 Multimode AFM using Source-Drain VOItage (V)

a standard tapping tip (Nano Devices Metrology Probes TAP150). chi_QU;_fI? 2-tCU”_e?ongagetCharathfiStti_T_SE gf S;’%? ?r?‘ttom-ccima(:t' TtES A_R]T
Scanring surface potenial measurements (SSPAwere col- I UASSLOr () 8 opconact TES ATV i vensitor i,
lected with a Veeco Instruments Bioscope atomic force microscope ApT thin-film transistor with electrodes defined by direct evaporation at
interfaced with a Nanoscope IV controller and operated in SSPM 10 A/s, and (d) a top-contact TES ADT thin-film transistor with laminated
mode to directly measure the local surface potential of TES ADT €lectrodes. The currentoltage characteristics were collected between gate
thin-film transistors in operation. The data were collected in two VYOltages of 0.and-20 V, in increments of-4 V.

passes with a conductive tapping tip (MikroMasch NSC15/Ti .

Pt). On the first pass, the microscope was operated in tapping mode? solld-gtate detectqr. Samples were analyz.ed frém=2 to X

to acquire the surface topography of the transistor channel with = 60° with a resolution of 0.0%and a dwell time of 5 s.

the source, drain, and gate electrodes grounded. On retracing of ] )

the same topography scan, the tip was raised 10 nm off the surface Results and Discussion

and an ac electric field was applied at the resonance frequency of _. _
i . Figure 2 shows the currenvoltage characteristics of
the tip. During the second scan, a feedback loop was used to

measure and null the phase shift between the tip and surface byrepre'sentatlv.e bottom- and top-contact TES ADT thin-film
adding a dc bias to the t#.This dc bias was applied to nullify ~transistors with channel lengths of 106n and channel
the phase shift that corresponds to the local electrostatic surfaceWidths of 100qum. The bottom-contact TES ADT thin-film
potential, or the contact potential difference (CPD) between the transistor exhibited high currents (Figure 2a) and an extracted
tip and the surface. Surface potential profiles were measured oncharge-carrier mobility of 0.2 c#\/-s. Of 121 devices tested,
actively biased bottom- and top-contact transistors operating in thethe average charge-carrier mobility was 0410.05 cn#/
linear regime. An external power source supplied the setuicain V-s. In stark contrast, the top-contact TES ADT thin-film
and gate voltages to power the device. A bias-@fV was applied  transistor having the same channel geometry and dimensions
to the drain while the gate bias was stepped from 680 Vin a5 gold source and drain electrodes evaporated at 1 A/s
—4 V increments. Differences in work function between the tip (Figure 2b) did not exhibit any field effect. Of approximately
and surface are removed by subtracting the scans collected at Zerg devices fabricated only 25% of the devices was func-
drain and gate biases ”0”_‘ the scans collected at flonzero Fﬁa_ses. tional, with the functional devices exhibiting an average
All scans were conducted in a nitrogen-purged environment. Since . .

. S charge-carrier mobility of 0.03= 0.02 cn®/V-s. Current-
the scan window of the AFM is limited to 10@m, each contact | h L f hin-fi .
region was scanned sequentially to span the entire channel region.Vc,) tage characteristics O_ a top-contact thin-film transistor
with gold source and drain electrodes evaporated at 10 A/s

X-ray photoelectron spectroscopy (XPS) analysis was performed . .
with a Physical Electronics ESCA 5700 spectrophotometer equipped (also the same channel geometry and dimensions) are shown

with a monochromatic Al I§ X-ray source, a hemispherical electron |n. Figure 2c. Although the performance of this device was
analyzer, and a low-energy electron flood gun for charge compen- Sllghtly bgztter (0.08 crfV-s) than that of the tOpfcontaCt
sation of insulating samples. Samples were introduced through adevice with gold electrodes deposited at 1 Als, its perfor-
preparation chamber before being transferred into the analysismance did not exceed that of the bottom-contact device. We
chamber at 2« 10710 Torr. The samples were typically analyzed fabricated approximately 35 top-contact TES ADT thin-film
at a takeoff angle of 45 defined as the angle between the sample transistors with electrodes deposited at 10 A/s, approximately
and the detector. Samples conta@i 2 nmgold overlayer were half of those devices showed field-effect characteristics; the
analyzed at a larger takeoff angle of°80 probe the underlying  average charge-carrier mobility of functional devices was
TES ADT. All spectra were collected at a pass energy of 11 eV. 0.07 + 0.03 cn¥/V-s.

X-ray diffraction experiments were conducted with a Scintag ~ These results are surprising considering that top-contact
X1 6—0 diffractometer equipped with a CuakX-ray source and  pentacer® 2° and polythiopher®@ thin-film transistors

(23) Nonnenmacher, M.; O'Boyle, M. P.; Wickramasinghe, H.Afpl. (26) Gundlach, D. J.; Klauk, H.; Sheraw, C. D.; Kuo, C.-C.; Huang, J.-R;
Phys. Lett.1992 58, 2921. Jackson, T. NTech. Dig. Int. Electron Déce Mtg.1999 111.

(24) Puntambekar, K. P.; Pesavento, P. V.; Frisbie, GAfipl. Phys. Lett. (27) Gundlach, D. J.; Zhou, L.; Nichols, J. A.; Jackson, T. N.; Necliudov,
2003 83, 5539. P. V.; Shur, M. SJ. Appl. Phys2006 100, 024509/1.

(25) Lee, K. S.; Smith, T. J.; Dickey, K. C.; Yoo, J. E.; Stevenson, K. J.; (28) Necliudov, P. V.; Shur, M. S.; Gundlach, D. J.; Jackson, T.Mppl.
Loo, Y.-L. Adv. Funct. Mater.2006 16, 2409. Phys.200Q 88, 6594.
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routinely outperform bottom-contact devices having equiva-

lent channel geometry and dimensions. The difference in 3000
performance between these top- and bottom-contact thin-

film transistors has been attributed to the presence of 1500
structural defects at the electreegehannel interface in thin- ‘
film transistors®'3? Specifically, in bottom-contact thin-film ) Ao Kongimd
transistors, the organic semiconductor is deposited on both 288 284 280 168 164 160
the predefined electrodes and the dielectric surface. Differ- 300 (c) 1
ences in topography can thus lead to discontinuities and 200!
defects in the organic semiconductor thin film at the

"1450f (b)
300}
150}

0

Intensity

electrode-channel interface®:%?Since charge injection and 100;
charge extraction occur at these interfaces, the presence of . J e
defects can severely limit the performance of the resulting 104 102 100 98 536 535 538

bottom-contact thin-film transist@f:?” In contrast, the . .
) . . . . Binding Energy [eV]

organic semiconductor is deposited on a topographically flat

dielectric surface in top-contact thin-film transistors before Figure 3. High-resolution X-ray photoelectron spectroscopy elemental
h d drai | d d fth scans of (a) carbon, (b) sulfur, (c) silicon, and (d) oxygen from a crystalline
the source and drain e e.ctrp es are patterned on t0p Of tNerEs ADT film on a silicon substrate before (solid line) and after (dashed
organic semiconductor thin film. This process thus eliminates line) gold evaporation at 1 A/s. There is no indication of chemical change
the presence of defects at the electredeannel inter-  after the gold evaporation.

face30.32.33 (1 0 0)

Contrary to this documented precedence, the performance (300)
of our top-contact TES ADT thin-film transistors is consis-
tently inferior compared to that of the bottom-contact TES
ADT devices of comparable geometry and channel dimen-
sions. That the performance of top-contact devices is inferior Silicon (2 0 0)
compared to that of bottom-contact devices has recently been
observed in tetracene single-crystal thin-film transistérs.
While de Boer et al. attributed the “damage” to the direct
evaporation of gold onto tetracene single crystals, physical
explanations for this “damage” were not provided. To probe (400) 800)

the origin of this anomaly in our TES ADT thin-film (200) (500)\
\ | A l A M

transistors, we carried out X-ray photoelectron spectroscopy

<

(XPS) experiments on crystalline TES ADT to determine if J Gold (200)
direct gold evaporation causes any chemical degradation or A ) LI A\
photo-oxidation. Specifically, XPS was carried out on 6 —_ 1'0 — 2r0 — 3'0 a0
crystallized TES ADT and then on the same film after it

had been subjected to gold evaporation. To detect TES ADT 20

through the evaporated goId onIy 2 nm of gold were Figure 4. X-ray diffraction spectra of a crystalline TES ADT film obtained
' on a silicon substrate before (upper line) and after (bottom line) gold

deposfced on crystalline TES '_A‘DT' We collected U'Qh' evaporation at 1 A/s. There are no detectable changes in the peak shapes
resolution elemental XPS scans in the carbon, sulfur, silicon, or positions after exposure to gold evaporation.

and oxygen regions; these spectra are shown in Figure 3.

The intensities of the scans acquired after gold evaporationindication that TES ADT did not experience any chemical
are attenuated because the presence of the gold overlaye¢hanges during gold evaporation.

increases the photoelectron path length. Aside from the In addition to probing the chemical environment of TES
intensity attenuation, however, the spectra collected on TESADT, we examined its crystal structure before and after gold
ADT before and after gold evaporation appear nearly €vaporation by X-ray diffraction (XRD). We collected XRD
identical. Specifically, the shapes and positions of the carbon, SPectra on crystalline TES ADT before and after (Figure 4,
sulfur, and silicon peaks remain unchanged, and the spectrdOP and bottom line, respectively) 40 nm of gold had been
collected in the vicinity of 530 eV reveal no detectable deposited at 1 A/s. The annealed TES ADT thin film before
oxygen. That the XPS spectra remain unchanged is a goodd0ld evaporation (Figure 4, top line) is crystalline; we
observe diffraction peaks associated with the (100), (200),
(300), etc. planes of the lattice. We also observe a peak at

(29) Cho, J. H.; Kim, D. H.; Jang, Y.; Lee, W. H.; lhm, K.; Han, J.-H.;

Chung, S.; Cho, KAppl. Phys. Lett2006 89, 132101. 20 ~ 33 that corresponds to the (200) plane of the
(30) Cosseddu, P.; Bonfiglio, AAppl. Phys. Lett2006 88, 023506/1. underlying single-crystal silicon substrdtelhe XRD spec-
(31) Kymissis, |.; Dimitrakopoulos, C. D.; PurushothamanEEE Trans. ; :

Electron Deices 2001, 48, 1060, trum obtained from_the fllm below the gold overlayer rev_eals
(32) Dimitrakopoulos, C. D.; Malenfant, P. R. Adv. Mater. 2002 14, the same Bragg diffraction peaks (Figure 4, bottom line).

99

: . We do not detect any shifts in the peak positions or any line
(33) Reese, C.; Roberts, M.; Ling, M.; Bao, Mater. Today2004 7, 20.

(34) de Boer, R. W. |.; Morpurgo, A. FPhys. Re. B: Condens. Matter
2005 72, 073207. (35) Kasper, J. S.; Richards, S. Mcta Crystallogr.1964 17, 752.
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Figure 5. Atomic force microscopy images of crystalline TES ADT (a) £ -2t ] -2 Y : : :
before gold evaporation, (b) after removal of the gold overlayer that was 053 0 25 50 75(:‘"_?:'1%& Leno tl‘lz?p.l?ﬁ 75100125
originally evaporated at 1 A/s, and (c) in the regions protected by a shadow g

mask. The images shown in (djg) are analogous to those shown in<a) Figure 6. Topography of the channel regions of a bottom- (a) and a top-
(c), except that TES ADT was subjected to gold evaporation at 10 A/s.  contact TES ADT thin-film transistor in which the electrodes were deposited
at 10 A/s (b) and the surface potential measurements of the respective

broadening of the individual peaks A new peak at2 transistors (¢ and d). The topography and surface potential scans were
) collected in two sequential scans at each contact because the length of the

38.3 corresponding to the (111) plane of the gold overlayer channel was larger than the scan window. The surface potential profiles
is observed® While we are not able to quantify the extent have been offset along the y-axis for clarity.

of crystallinity before and after gold evaporation due to
attenuation of the X-ray intensity from the gold overlayer, faces, which subsequently hinders charge injection and
these results unambiguously indicate that TES ADT remains extraction.
largely crystalline and that the crystal structure of the thin ~ To examine aspects of charge injection into and charge
film is preserved even after exposure to gold evaporation. extraction out of TES ADT in bottom- and top-contact thin-
We also carried out direct imaging experiments with AFM film transistors in more detail, we conducted scanning surface
in hopes of elucidating the origin of the reduced current in Potential measurements (SSPR1}° on these devices. The
top- versus bottom-contact thin-film transistors. Specifically, SSPM results for a bottom- and top-contact TES ADT thin-
we interrogated TES ADT after it had been crystallized by film transistor are shown in Figure 6. The topography images
solvent-vapor annealing and crystalline TES ADT after it collected for both transistors clearly show the source and
had been exposed to gold evaporation. To characterize thedrain electrodes as well as the channel region of each
underlying TES ADT layer, the evaporated gold was peeled transistor (Figures 6a and 6b). Figures 6¢ and 6d contain
away with Scotch tape. As a control experiment, we also the surface potential profiles collected across the channels
examined regions of crystalline TES ADT that were protected Of the bottom- and top-contact devices, respectively. These
by a shadow mask during gold evaporation (corresponding figures show how the-2 V bias applied between the source
to the channel regions in actual devices). The topographical and drain electrodes is distributed across the channel during
images acquired during these experiments are presented iflévice operation (gate bias is increased from 620 Vin
Figure 5. While TES ADT does not appear to be chemically increments of-4 V). We observe sharp potential drops at
or structurally different before and after gold evaporation, the gold-TES ADT interface, followed by a gradual drop
the topographical features obtained on the samples before2Cross the channel, and another sharp drop at the other gold
and after evaporation are very distinct. Specifically, we TES ADT interface. Further, the potential drops at the source
observe a pitted morphology in TES ADT after it had been and drain electrodes are significantly smaller in the bottom-
exposed to gold evaporation (Figures 5b and 5e). This pitted contact transistor (Figure 6¢) compared to that in the top-
morphology is not observed in the pristine TES ADT film contact transistor (Figure 6d). Consistent with our AFM
(Figures 5a and 5d) or in the regions protected by the shadowesults, this comparison suggests that both charge injection
mask (Figures 5¢ and 5f). Separately, we also carried out@nd charge extraction are more efficient in the bottom-contact
imaging experiments on crystalline TES ADT films that were transistor compared to those in the top-contact transi_stor of
not exposed to gold evaporation but were subjected to thecomparable channel geometry and dimensions. During the
Scotch tape peel test. These films look like the pristine films Surface potential measurements, we simultaneously collected
and do not exhibit any pitting. The pitted morphology must the source-drain current. Ohm’s law thus allows for

therefore stem from local damage during direct gold evapo- €xtraction of the channel resistance and the contact resis-
ration. Given the absence of any chemical changes duringtances at the electrogehannel interfaces. The channel and

gold evaporation, we attribute this damage to localized contact resistances calculated for the bottom- and top-contact

gold flux during evaporation. This local melting in turn channel region is protected by a shadow mask during gold

creates structural disorder at the electredeannel inter- ~ €vaporation, we expect the channel resistance to be compa-
rable in both transistors. Quantification of the channel
(36) Swanson, H. E.; Tatge, Blatl. Bur. Stand. Circ. (U.S.953 539 resistances in both devices indicates that they are in fact

95 pp. similar (~1 x 10° Q). We do, however, expect a significant
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Table 1. Channel and Contact Resistances Extracted from Surface (@) y 0 4 ()
Potential Measurements on Bottom- and Top-Contact TES ADT PDMS A
Thin-Film Transistors Au =
transistor geometry Re Rs Rarai Au Au inai
hannel ource rain Brln |nt0
bottom contact 9.&1PQ 35x10PQ 24x10°Q contact
top contact 1.1x 10°Q 6.6x 10 Q 3.6x 1P Q (b) Dielectric

difference in the contact resistances at the electratiannel U

interfaces based on the observed surface potential drops and Silicon Dioxide
the disparity in performance between bottom- and top-contact
transistors. As shown in Table 1, the contact resistances afrigure 7. Soft-contact lamination scheme. (a) Titanium (2 nm) and gold
both the source and drain electrodes are at least an order of20 nm) are deposited onto a PDMS stamp with source and drain features.

. . . . ) TES ADT is spin-coated and annealed on a silicon substrate with 100
magmt_Ude hlghel’ in the tOp-COﬂtaCt[ tranS|stqr ComparEd to nm of thermally grown silicon dioxide. Gold contact pads (40 nm) are
those in the bottom-contact transistor. While this result subsequently evaporated around the TES ADT film. (c) The PDMS stamp

i i i i containing the source and drain electrodes is then contacted against the

contradicts prewous. Ilteraturg _rep_orts which ShOVY that TES ADT film so the gold features on the PDMS stamp contact both the
bottom-contact transistors exhibit higher contact resistancetgs ApT fim and gold contact pads. The recessed region of the stamp
than top-contact transistots®’ it is consistent with our  defines the channel of the thin-film transistor.

macroscopic currentvoltage characterization and our AFM Conclusions

data, and it further implicates the consequences of local : . : .
) The materials properties of the organic semiconductor play
melting of TES ADT. S ; . .
a significant role in choosing the appropriate electrode
We have thus devised an alternative means of making faprication method to achieve optimal device performance.
electrical contact to TES ADT in the top-contact configu- |n the case of TES ADT, this material forms weak crystals
ration. Specifically, we built top-contact TES ADT thin-film  on crystallization, thereby rendering the material susceptible
transistors by soft-contact laminatiéfi?® With this tech- to thermal damage when exposed to direct gold evaporation.
nique (Figure 7), TES ADT is spun and crystallized on As a result of this local melting, defects are created at the
silicon dioxide in the exact manner as discussed previously. electrode-channel interfaces, which can severely hamper
Gold source and drain electrodes, fabricated on a poly- charge injection and extraction in top-contact thin-film
(dimethylsiloxane) (PDMS) stamp, are nondestructively transistors. Macroscopically, top-contact devices exhibit
contacted against the crystalline TES ADT film. This process reduced charge-carrier mobility compared to bottom-contact
is reversible; the PDMS stamp containing gold source and devices with equivalent dimensions. Reduced device per-
drain electrodes can be removed from the substrate withoutformance can be avoided if top-contact thin-film transistors
damaging the organic semiconductor thin film so multiple are fabricated by nontraditional patterning methods, such as
PDMS stamps with source and drain electrodes of varying Soft-contact lamination, which nondestructively establish
geometry and dimensions can be contacted against the samgléctrical contact to the organic semiconductor. These resuits
substrate. Typical currenvoltage characteristics of a lami-  IMPly that patterning methodologies for establishing electrical
nated top-contact thin-film transistor are shown in Figure contact will have to satisfy the materials limitations of
2d. This laminated device exhibits higher on currents and inherently fragile organic semiconductors.

charge-carrier mobility (0.24 c#V-s) compared to those .
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