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Semiconductor devices based on organic moleculesoér
interests for large area electronics as well asunderscore
fundamental charge transport effects in molecutdids® The
field-effect transistor (FET, Fig. 1) is an electio device where
the current between the source and drain conthagtsf@r a given
source-drain voltageVts), is modulated by the application of the
gate-source biasvgs). In this device one of the key figures of
merit is the field-effect mobility g¢-c7), which should be as large
as possible to enable the fabrication of deviceth vgreater
performanceé. Using the FET architecture, the carrier mobilities
of several polycrystalline/amorphous p-channel (gba= hole)
and n-channel (charge = electron) organic semicctodifilms
have been testéd.Although FETs based on polycrystalline
organic semiconductor will probably be the first toe
implemented into a commercial prodddEETs based on single-
crystal organic semiconductors are far more interggo probe
ultimate charge transport efficiencfesTo date, among the
greatest hole mobility values have been reportedifgle-crystal
FETs (SCFETs) based on tetracepe=f ~ 2.4 cni/Vs, PDMS
gate dielectric? and rubrene ffer ~ 20 cnd/Vs, air-gap gate
dielectric; ze7 < 10 cndlVs, other gate dielectricSj® Other p-
channel single crystal semiconductors such as acghe,
pentacene, TIPS-pentacene, DPh-BDSe, and BPT2iexhilys
= 0.02-2.2 cfiVs3®d As in the case of thin-film-based FETSs,
single-crystal FETs based on n-channel semiconduwate far
more rare and fall short in performance when coegbao p-
channel semiconductors. The best n-channel SCFR&&ted to
date were fabricated with copper perfluorophthadmiye
(FCuPc, teer = 0.2 cnmi/Vs, parylene gate dielectri) and
tetracyanoquinodimethane (TCN@r = 1.6 cnd/V's in vacuum,
air-gap gate dielectricf. Despite the overall lower performance of
thin-film as compared to single-crystal FETSs, salerchannel
semiconductors have shown far larger performanae iCuPc
and TCNQ in thin-film-based FET&9* This suggests that
through an appropriate choice of the molecular r@ten-
channel SCFETs may approach —or possibly even dxdbe
et of the best p-channel transistors.

Among the n-channel semiconductors for FENsIN-bis(n-
alkyl)-(1,7&1,6)-dicyanoperylene-3,4:9,10-bis(dibaximide)s
(PDIR-CN,), have shown great potentfalSome PDIR-CM
derivatives exhibit excellent electrical performancand
remarkable environmental stability {44 ~ 0.01-0.1 crfiVs for
PDI8-CN, where R = GH17; Het ~ 0.1-0.6 crffVs for PDIF-CN
where R = CHC3F;) for vapor-/solution-deposited thin-film
FETs?® Since it is now established that the greater siratorder
of single-crystalline materials enables high-qyatievices with
many different molecular materidlswe decided to investigate
single-crystal transistors based on PDIF,Ohhich exhibits the
largest thin-film tez1 within the core-cyanated perylene family.
Thanks to theN-fluorocarbon functionalization, PDIF-GNs
thermally stable and sublimes quantitatively, tieagabling high-

quality single crystal growth by vapor phase tramsp
Furthermore, PDIF-CNcrystal structure is knowH. Here we
demonstrate that PDIF-GNvased SCFETs with PMMA as the
gate dielectric exhibit ~ 10x larger mobility thathe
corresponding thin-film devices both in the air andvacuum.
Furthermore, other PDIF-GNSCFET characteristics are also
promising and include near-zero threshold voltagg) @nd sub-
threshold slopeS) and current on/off ratiol {1, of the same
order of the very best p-channel single-crystalaks:
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Figure 1. A. Molecular structure of PDIF-CN,. B. Schematic layout of a single-
crystal field-effect transistor. C. Optical microscope images of PDIF-CN,
devices used in our investigations. The bar is 200 um.

Single-crystal FETs (Fig. 1) were fabricated acowgydo the
procedure previously reported for p-channel semioetors.®?
PDIF-CN, (Polyera Activink N1100) red rectangular crystalth
lengths of few millimetres and widths up to 50f were obtained
by physical vapour transport in a stream of’Afhese thin
crystals (<1um thick) are difficult to handle but we were abde t
laminate them onto heavily doped Si(gate)/SRMMA
(dielectric) substrates with prefabricated Ti/Auoysce-drain)
contacts. This bottom-up approach avoids damadiegdelicate
surface of the organic material. The bilayer diglecstructure
was used to minimize electron trapping by the hygdrgroups of
the SiQ surfacé® Both two- and four-terminal configurations
were employed to account for the possible influesfde contact
resistance. Figures 1 and S1 provides optical mémpe images
of some single crystal devices.

Typical electrical characteristics of PDIF-@NSCFETs
measured in vacuum and in air are shown in Figut@r of the
first striking features is that they are virtuaftee of hysteresis
and in most cases the threshold voltage is betwg¢rand +5V
usually close to 0 V. This value is much smalleanththat
measured for vapor-deposited PDIF-QNin-film transistors (Y,
= -20 ~ -30 VJ° demonstrating that the dopant concentration in
PDIF-CN, single-crystals is substantially reduced as cosp &
thin-films. This lower dopant concentration may tee to the
enhanced chemical purity of the vapor-grown sinmgiestals.
Another device feature that should be stressedhés linear
behavior of thdp at lowVps (Fig 2A), demonstrating the absence
of strong contact effects. This result is remarkabbnsidering
that high work-function gold is used as the metahtact. Low
workfunction metals are usually required to injetgctrons in n-
channel organic devicés.
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Figure 2. A. Output plots for the same PDIF-CN, FET measured in vacuum
(red) and in ambient (blue). B. Transfer plot of the Ip versus Vgs measured in
vacuum for different values of the Vps (+5V=black, +10V=red, +15V=blue, and
+20V=green). The corresponding square root of Ip values are also shown in
the same plot. C. Transfer plot of the Ip versus Vgs measured in air for
different values of the Vps (+5V=black, +10V=red, +15V=blue, and
+20V=green). The inset shows the negligible |-V hysteresis. For this device
the crystal width W is 680 um and the channel length L ~1mm.

PDIF-CN, electron mobility for several single-crystal deasc
was extracted in the linear regime according to égeation
Hrer = LIWGV(dp/Nss), whereV is the potential difference
measured between the voltage proliesheir distanceW is the

channel width, andC; is the measured capacitance-per-unit-area

between gate and conduction channel. Figure 3 shio&Brer

and thd 1. for several devices measured both in vacuum and in

ambient conditions. The vacuumer values range from ~6 to 1
cn?/Vs whereas the mobility in ambient ranges betwe®rand
0.8 cnt/Vs. Note that similar values were obtained forhbo-
and four- terminal measurement configurations conifig the
good quality of the contacts (interestingly, a canale mobility
reduction from vacuum to ambient, ~,2has recently been
observed for TFTs based on solution-processed/vdgoposited
PDIF-CN, polycrystalline}®. However, the values obtained for
single-crystals are the largest mobility valuesorégd to date (in
ambient and in vacuum). The best vacuum mobility & larger
than the best reported for TCNQ in vacutiBuch mobility value

is close/larger to that of holes in rubrene SCFREsT = 0.01 -
10 cnf/Vs)®® in devices fabricated using a gate dielectric
different than air-gapk(> 1). Other FET parameters suchSamnd
the ln:lo¢ Were analyzed. In our PDIF-GNMevicesS=~1.9to 5

V decad&, which is comparable to those of tetracene bugelar
than the best single-crystal rubrene FETs whergéte dielectric
capacitance is taken into account (see Supportifagrhation)*?
Finally, thelys 1ot of PDIF-CN, SCFETS is ~ 110" for different
devices, comparable/slightly lower than in highdgua-channel
SCFETs but Iarger than that of thin-film PDIF QF\ETssb
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Figure 3. Electron mobilities (four-probe), lonilotr , and S for six single-
crystal PDIF-CN, FETs measured in vacuum (red) and in the air (blue).

The difference between the PDIF-ghin-film (~0.1 - 0.6
cn?/Vs) and single-crystal (~t 6 cnf/Vs) mobility values may
have several origins. Efficient charge transport drganic
semiconductors requires an uniform and continuoum f
morphology; however vapour-/solution-deposited tfilms are
usually characterised by grain boundaries and mandaystallite
molecular orientation which limit the device perfance. A
single crystal represents an almost ideal situafimn charge
transport characterized by absence of macroscopi&in g
boundaries, a very smooth and homogeneous surfacd,

micrometer-extended ordered molecular arrangeniMateover,
the crystal growth process provides an additiongifipation step
reducing charge traps.

In conclusion, we demonstrated n-channel SCFET#iixiy
field-effect mobility values approaching those difetbest p-
channel FETs when fabricated with dielectric matsriwith
comparablek values. We believe that these data will provide
additional stimuli for the synthesis and developmeof
chemically-engineered n-channel organic semicomasict
Furthermore, it will be interesting to study hovistkingle-crystal
semiconductor performs with unique dielectric mater and
device architecture.

Acknowledgements. We are grateful to NanoNed and NWO
for financial support. HA also acknowledges FCT forancial
support under contract nr. SFRH/BPD/34333/2006.

Supporting Information Available: Single-crystal device
fabrication and measurements details. This matesialailable free
of charge via the internet at http://pubs.acs.org

References

1) (a) Casado, J.; Takimiya, K.; Otsubo, T.; RamirE. J.; Quirante, J. J.;
Ponce Ortiz, R.; Gonzalez, S. R.; Oliva, M. M.; eapNavarrete, J. 1.
Am. Chem. So@008, 130, 14028. (b) Kalihari, V.; Tadmor, E. B.; H., Greg;
Frisbie, C.Adv. Mater.2008, 20, 4033. (c) Mas-Torrent, M.; Rovira, C.
Chem. Soc. Ref2008, 37, 827. (d) Chabinyc, M. L.; Jimison, L. H.; Rivnay,
J.; Salleo, A.MRS Bulletin2008, 33, 683. (e) Cornil, J.; Bredas, J.-L.;
Zaumseil, J.; Sirringhaus, Hdv. Mater.2007, 19, 1791. (f) Locklin, J.;
Roberts, M.; Mannsfeld, S.; Bao, EZolym. Rev2006, 46, 79.

2) (a) Zhang, M Tsao, H. N.; Plsula W.; Yang, Kishra, A. K.; Muellen, K.

Am. Chem. 50(2007 129 3472. (b) Anthony, J. EChem. Rev2006
106 5028. (c) K. C.; Landis, C.; Sarjeant, A.; Kakt, E. Chem. Mater.
2008, 20, 3609. (d) Yang, C.; Kim, J. Y.; Cho, S.; LeeKJ. Heeger, A. J;
Wudl, FJ. Am. Chem. So2008, 130, 6444.

3) (a) Reese, C.; Bao, Mater. Today2004, 10, 20. (b). Podzorov, V.;
Menard, E.; Borissov, A.; Kiryukhin, V.; RogersAl. Gershenson M.E.,
Phys. Rev. LetR004, 93 086602. (c) Menard, E.; Podzorov, V.; Hur, S.-
H.; Gaur, A.; Gershenson, M.E.; Rogers, Aklv. Mater.2004, 16, 2097.
(d) Reese, C.; Chung, W.-J.; Ling M.-M.; Robeft, Bao, Z.Appl.
Phys. Lett 2006, 89, 202108. (e) Roberson, L. B.; Kowalik, J.; Tolbert
L.M.; Kloc, C.; Zeis, R.; Chi, X.; Fleming, R.; Wihs C.J. Am. Chem.
Soc.2005, 127,3069. (f) Payne, M. M.; Parkin, S.R.; AnthonyEJ; Kuo,
C.-C.; Jackson, T.N. et all, Am. Chem. So@005, 127, 4986. (g) Aleshin
AN.; Lee, J.Y.; Chu, S\W.; Kim, J.S.; Park Y.WAppl. Phys. Lett2004,
84, 5383. (h) Zeis, R.; Kloc, C.; Takimiya, K.; Kugiy Y.;Konda, Y.;
Niihara, N. ; Otsubo, T.Jpn. J. Appl. Phys2005, 44, 3712. (i) Ichikawa,
M.; Yanagi, H.; Shimizu, Y.; Hotta, S.; Suganuma,, Moyama, T.;
Taniguchi Y.Adv. Mater.2002, 14, 1272. (j) Mas-Torrent, M.; Hadley, P.;
Bromley, S.T.; Ribas, X.; Tarrés, J.; Mas, M.; Malj E.; Veciana, J.;
Rovira C.J. Am. ChemSoc.2004, 126, 8546. (k) Tang, Q.; Li, H.; Liu, Y.;
Hu W. J. Am. Chem. So@006, 128 14634. (I) Hulea, I.N.; Fratini, S.;
Xie, H.; Mulder, C.L.; losad, N.N.; Rastelli, G.ju€hi, S.; Morpurgo, A.F.
Nature Materials2006, 5, 982.

4) Yasuda, T.; Goto, T.;Fujita, K.;Tsutsui,Appl. Phys. Lett2004, 85, 2098.

5) (a) Jung, T.; Yoo, B.; Wang, L.; Dodabalapur; #ones, B.A.; Facchetti,
A.; Wasielewski, M.R.; Marks, T. Appl. Phys. Lett2006, 88, 183102. (b)
Jones, B.A.; Ahrens, M.J.; Yoon, M.-H.; Facchet,; Marks, T.J.;
Wasielewski, M. RAngew. Chem. Int. E@004, 43, 6363.

6) (a) de Boer, R.W.1.; Gershenson, M.E.; Morpuiyd;.; Podzorov, VPhys.
Status Solidi A2004, 201, 1302. (b) Gershenson, M.E.; Podzorov, V.;
Morpurgo, A.F.Rev. Mod. Phy006, 78, 973.

7) Laudise, R.A.;Kloc, C.;Simpkins, P.G.;Siegri$t,J. Cryst. Growth1998,
187, 449.

8) (a) Todescato, F.; Capelli, R.; Dinelli, F.; Mia, M.; Camaioni, N.; Yang,
M.; Bozio, R.; Muccini, M.J. Phys. Chem. B008, 112, 10130. (b) Chua,
L.-L.; Zaumseil, J.; Chang, J.-F.; Ou, E.C.-W.; HbK.-H.; Sirringhaus,
H.; Friend, R.H.Nature 2005, 434, 194. (c) Takahashi, T.; Takenobu, T.;
Takeya, J.; Iwasa, YAppl. Phys. Lett2006, 88, 033505.

9) Hill, 1.G.; Kahn, A.Proc. SPIE1998, 3476 168.

10) (a) Piliego, C.; Jarzab, D.; Gigli, G.; Chen; Bacchetti, A.; Loi, M. A.
Adv. Mater.2009, in press. (b) Burghard, H. Dosch, M. Jansen, &nKH.
Klauk, J. Am. Chem. So2008, 130, 4637.

11) de Boer, R.W.I.; Klapwijk, T.M.; Morpurgo, A.Rppl. Phys. Lett2003,
83, 4345.

12) a) Cho, J. Ho; Lee, J.; Xia, Y.; Kim, B.S.; Hé; Renn, M.J.; Lodge, T.
P.; Frisbie, CNature Mater.2008, 7, 900. b)Mannsfeld, S. C. B.; Sharei,
A.; Liu, S.; Roberts, M. E.; McCulloch, I.; HeenegW,; Bao, Adv. Mater.
2008, 20, 4044. c) Liu, S.g; Mannsfeld, S. C. B.; Wang, M/; Sun, Y.-S.;
Stoltenberg, Ra. M.; Bao, Zhem. Mater. ACS ASAP. d) Salleo, A,;
Arias, A.Adv. Mater.2007, 19, 3540.



Supporting Information

High Electron Mobility in Vacuum and Ambient for PDIF-CN> Single-Crystal Transistors

Anna S. Molinari*, Helena Alves, Zhihua Chen, Animiracchetti* and Alberto F. Morpurgo*
Kavli Institue of Nanoscience, Delft University réotzweg 1, 2628CJ, Delft, the Netherlands;INES®-Rua Alves Redol 9, 1000-029
Lisboa ( Portugal); Department of Condensed MaRbysics, Ecole de Physique 24 Quai Ernest-Anser@ent211, Geneva
(Switzerland) and Polyera Corporation, 8025 Lamfarenue, Skokie, IL 60077 (USA)

Single-crystal field-effect transistors (FETs) based on a fluorocarbon-substituted dicyanoperylene-3,4:9,10-bis(dicarboximide)
[PDIF-CN2] were fabricated by lamination of the semiconductor crystal on Si-SiO/PMMA-Au gate-dielectric-contact
substrates. These devices were characterized both in vacuum and in the air and exhibit electron mobilities of ~ 6-3 cm?v™'s™
and ~ 3-1 cm®V''s™, respectively, lon:lot > 10%, and near-zero threshold voltage.

—— —

Device Fabrication

PDIF-CN, is commercially available from Polyera Corporati@tolyera Activinkl N1100). Red rectangular
crystals were obtained by physical vapour transpom stream of argon gas, typically with a lengthfew
millimetres and width up to hundredsoh (> 500 um). Single crystal FET devices were abéednin a similar
technique used before for p-type semiconductorsorsists in laminating a thin crystal (gfin) onto a heavily
doped silicon substrate (the gate) covered by 00 nm thick) (the dielectric) with prefabricategurce-drain
contacts. This bottom-up approach avoids damagdiagdtlicate surface of the organic material. InFRDN,
single crystal OFETS a layer of polymethyl-methéatey (PMMA; ~ 100 nm thick) was interpose betwelea t
semiconductor and the SiOThe extra PMMA dielectric layer was used to aveldctron traps generated by
hydroxyl groups on the Sygsurface. Figure 1 provides a schematic illustratbthe OFET, with a structure of
Si/SIG/PMMA/TIi/Au/PDIF-CN,, as well as optical microscope images of someleiagystal devices. Source
and drain electrodes consisting of 5 nm Ti and 20w were deposited in high vacuum (1bar) by electron-
beam evaporation through a hand-made shadow magkurAerminal configuration was employed, to prave
that a large, unwanted contact resistance, affetttedmeasurement of the transistor channel. Alttetal
measurements were performed both in vacuum and usang an Agilent E5270A or a HP 4192A parameter
analyzer.

The FETs have a channel length) of 1mm and width\() depending on the width of the crystal (usually
hundreds of micrometers). The mobility was caladatn the linear transport regime in a four point
configuration, using the equation:

L al,

HoWevay,

1)



whereV is the potential difference measured between tiieage probesl their distanceW is the channel
width, andGC; is the measured capacitance-per-unit-area betgaenand conduction chann¥ks is the gate
voltage andlp the drain-source current. The total capacitancesp@ area of the SiIGPMMA stack was
measured. The value found was ~ 8 nE/amhich is consistent with the known dielectric stamts of the two
materials.
The sub-threshold slope was also considered.dbtifies the change in input voltagedy that is required to
change the output curreng)lby one order of magnitude when the transistbiased in the
subthreshold regime and is defined by:
= dVGS
~d(logl,)

Sis mainly determined by the quality of the insaté&emiconductor interface. Specifically, if the amt of

(2)

disorder is small thetp has a fast increase with increaswig;, resulting in a lowes value (i.e., lowSvalues
correspond to better performance). Quantitativiig, value ofS can be readily determined from the plot of
log(lp)-vs-Vss but it was also normalized to the capacitandbefinsulating laye€;:

dV;s
d(logl,)

This, usually, allows comparison between devicesjding different FET characteristics like the dietric

S= G 3)

thickness. From the provided parameters Ci = 8mk/and S = 15 to 40 V nF detcm? which is comparable
to tetracene (28 VnF decatten®) but larger than the best single-crystal rubren&<E

Finally, the ON/OFF current ratio was measured ftbenplot oflog(lsp)-vs-\s.

Figure S1. Optical images of some of the single-crystal TRsicated withPDIF-CN,



