AIP | e

Solvent-induced phase transition in thermally evaporated pentacene films
D. J. Gundlach, T. N. Jackson, D. G. Schlom, and S. F. Nelson

Citation: Applied Physics Letters 74, 3302 (1999); doi: 10.1063/1.123325

View online: http://dx.doi.org/10.1063/1.123325

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/74/22?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Solvent-induced changes in PEDOT:PSS films for organic electrochemical transistors
APL Mat. 3, 014911 (2015); 10.1063/1.4905154

Temperature gradient approach to grow large, preferentially oriented 6,13-bis(triisopropylsilylethynyl) pentacene
crystals for organic thin film transistors
J. Vac. Sci. Technol. B 32, 052401 (2014); 10.1116/1.4893438

Thermally induced structural characteristics of pentacene thin films
J. Appl. Phys. 105, 113520 (2009); 10.1063/1.3132824

Electric field-induced structural changes in pentacene-based organic thin-film transistors studied by in situ micro-
Raman spectroscopy
Appl. Phys. Lett. 88, 161918 (2006); 10.1063/1.2197937

Pentacene thin film transistors on inorganic dielectrics: Morphology, structural properties, and electronic transport
J. Appl. Phys. 93, 347 (2003); 10.1063/1.1525068

'y ._._j'cs research is here

AI P I srfcl)_tonics



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/466383520/x01/AIP-PT/APL_ArticleDL_070115/AIP-APL_Photonics_Launch_1640x440_general_PDF_ad.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=D.+J.+Gundlach&option1=author
http://scitation.aip.org/search?value1=T.+N.+Jackson&option1=author
http://scitation.aip.org/search?value1=D.+G.+Schlom&option1=author
http://scitation.aip.org/search?value1=S.+F.+Nelson&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.123325
http://scitation.aip.org/content/aip/journal/apl/74/22?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/aplmater/3/1/10.1063/1.4905154?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/32/5/10.1116/1.4893438?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/32/5/10.1116/1.4893438?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/105/11/10.1063/1.3132824?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/88/16/10.1063/1.2197937?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/88/16/10.1063/1.2197937?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/93/1/10.1063/1.1525068?ver=pdfcov

APPLIED PHYSICS LETTERS VOLUME 74, NUMBER 22 31 MAY 1999

Solvent-induced phase transition in thermally evaporated pentacene films

D. J. Gundlach® and T. N. Jackson

Department of Electrical Engineering, Center for Thin Film Devices, and Electronic Materials
and Processing Research Laboratory, The Pennsylvania State University, University Park,
Pennsylvania 16802

D. G. Schlom
Department of Materials Science and Engineering, The Pennsylvania State University,
University Park, Pennsylvania 16802-5005

S. F. Nelson
Department of Physics, Colby College, Waterville, Maine 04901

(Received 4 November 1998; accepted for publication 7 April 1999

We report a solvent-induced phase transition in pentacene thin films, from a “thin film” phase to

a bulk-like phase. X-ray diffraction indicates that as-deposited thermally evaporated pentacene films
consist mainly of (001)-oriented pentacene with an elongaté@1) plane spacing of 15.5
+0.1A, and a minor amount with €01) plane spacing of 14:50.1A. When such films are
exposed to solvents such as acetone, isopropanol, or ethanol, the plane spacing of the entire layer
shifts abruptly from the elongate@01) plane spacing to the bulk value and this shift is
accompanied by a macroscopic change in film morphology. While molecular ordering is maintained
as indicated by x-ray diffraction, thin film transistor performance is severely degraded, most likely
as a result of the morphological changes in the film. 1899 American Institute of Physics.
[S0003-695(199)03322-1

Recent reports of pentacene thin film transist@i®Ts)  we have plotted the drain current as a function of drain-to-
with performance comparable to hydrogenated amorphousource voltage for several values of gate-to-source voltage.
silicon TFTs have increased interest in organic-based TFT$his device had a channel length of 35, a channel width
for large-area electronic applications on flexible plasticof 220 um, and a gate dielectric thickness of 300 nm. A
substrated™ We have shown previously that pentacenefield-effect mobility of 0.36 crf’Vs was extracted from a
TFTs can have field-effect mobility as high as 1.5%s,  plot of the square root of the drain current as a function of
current on/off ratio as large as % near-zero threshold volt- gate-to-source voltage for the TFT biased in saturation.
age, and subthreshold slope as low as 1.6 V/decade when The film morphology was characterized using a Park
fabricated on heavily doped thermally oxidized silicon sub-Scientific M5 scanning probe microscope. Figure 2 is an
strates treated with octadecyltrichlorosilane, a silane couatomic force microscopéAFM) image of the topology of the
pling agent One problem in fabricating more advanced pentacene film. This 1dmX10um scan shows the film is
organic-based integrated circuits is that it is difficult to pat-highly textured with large dendritic grains extending over
tern the organic active layer using photolithography andseveral microns. Smaller area scans show the dendrites are
etching, or to pattern layers deposited on top of the organiterraced, with a step height of approximately 1.5-2.0 nm.
active layer. While bulk pentacene is relatively insoluble and ~ Molecular ordering was investigated Iy-26 x-ray dif-
nonreactive in the typical solvents used in photolithographic
processing, TFT performance is dramatically degraded after
exposure to solvents. In this letter we investigate solvent
interaction with thermally evaporated pentacene films.

Pentacene was purchased commercially with an initial
purity of >97% and purified by temperature-gradient
vacuum sublimatiofi. Films were deposited by thermal
evaporation onto heavily doped thermally oxidizdd0)Si
substrates in a turbomolecular-pumped vacuum system with
a typical base pressure of less thar 70 °Pa. The sub-
strates were held at 60 °C and the pentacene was deposited at
0.15-0.2 nm/s, with a final average thickness of 50 nm. Ves=-60V

For this work, after the active layer deposition we fabri- -100
cated TFTs by thermally evaporating gold through a shadow
mask to form source and drain contacts. The as-deposited

TFT characteristics are shown in Fig.(dolid lineg, where  FIG. 1. A plot of the pentacene TFT characteristics as-deposietid
lines) and after ethanol exposufeashed lines The TFT has a channel
length and width of 35 and 22@m, respectively, and a gate dielectric
¥Electronic mail: djgl10@psu.edu thickness of 300 nm.
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FIG. 2. A 10umX10um AFM image of a pentacene film. The film is FIG. 4. A 10umXx 10 um AFM image of a pentacene film after exposure to
highly textured, with micron-sized, terraced dendritic grains. isopropanol. The layered, dendritic features are maintained, although re-
gions appear that are significantly elevated above the average film height.

fraction scans using a four-circle diffractometer with ICa ) i ) ) .

radiation. The diffraction vector was aligned perpendicula@CTy solvents in which pentacene is nominally insoluble,
to the substrate surface. Tife-20 scan for the as-deposited 21 they can be useful in photolithographic processing. The
film is shown in Fig. 3. The peaks in Fig. 3 indicate that the |F T pe_rformance was severely degradec_i a_lfter solvent expo-
as-deposited film consists of a phase with @pacing of sure. Figure 1 shov_vs the TFT charactgrlstlcs after exposure
155+0.1A, and a small component of a second phaséo ethanol(dashed lines The extracted field-effect mobility
whosed spacing of 14.50.1A closely matches thé01) was reduced by almost a factor of 10, from 0.36 to 0.037
spacing of bulk pentacereThe triclinic crystal structure of cn/V's. The effect in the extrapolated value of threshold
bulk pentacene does not have any interplanar spacing th¥P!tage after solvent exposure was negligibly small. _
matches the 1550.1A spacing present in our film. The _ igure 4 is an AFM image of the same film shown in
greatest interplanar spacing in bulk pentacenekys with a Fig. 2 after |sopr.opa.nol exposure. Many of .the .orl'glnal film
spacing of 14.520.1 A, followed byd,g;=7.84A. How- features are_mamt:_:uned. The f|Im_textur_e is S|m|Iar_ to the
ever, a similar elongated interplanar spacing has been otin€xposed film, with terraced, micron-sized dendrites re-
served in pentacene thin films and even pentacene singl@2iNiNg. However, regions appear that are significantly el-
crystals by other&® This extended spacing has been attrib-€Vated above the average film height. Figure 5 i§-2¢

uted to the(001) interplanar spacing of a metastable “thin X'&Y di_ffracti_on scan O_f an isopropaqol-expo;ed_ film; the
film” phase, denoted bylyy to distinguish it from thedg, sharp diffraction peaks indicate that microscopic film order-
bulk spacin’gz. ing is maintained after solvent exposure. However,(6)

After characterizing the electronic, morphological, ar]dinterplanar spacing of the entire layer after solvent exposure

structural properties of the as-deposited films, the films wer&@S Ishifted to the bulk pe?ticehe Tpaci?iq. Since thh.is'sg@ft
exposed to acetone, isopropanol, or ethanol, by dipping thetfould cause an increase of the in-plane film area, this indi-
into a beaker containing the solvent and blowing them dry_cates that the raised areas shown in Fig. 4 are regions where

These solvents were chosen because they are common labo-
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20 (degrees) FIG. 5. Thef-26 x-ray diffraction scan of a pentacene film after exposure
to isopropanol. Not only is the film ordering maintained after solvent expo-
FIG. 3. The#-26 x-ray diffraction scan of a pentacene film as-deposited. sure, the plane spacing of the entire layer has shifted to the bulk pentacene
The peaks labeled 0@orrespond to the spacing observed in bulk pentacenespacing. The inset shows the rocking curve of the’ G@ajority peak from
while those labeled 00 cerrespond to an elongat€d0l interplanar spac-  Fig. 3(circles and the shifted 001 majority neak after isonrepanol exposure
ing. from Fig. 5(triangles. Note that the peak width and intensity are similar.
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the film has buckled. The inset of Fig. 5 shows the rockingphase, solvent exposure causes a change in film morphology,

curve of the 001 majority peak of the pentacene film asimanifesting itself as film buckling most likely due to com-

deposited and after isopropanol exposure. Despite the mapressive stress failure. Since the typical TFT device size is

roscopic film movement with solvent exposure the pealgreater than the average grain size of the pentacene, the de-

width and diffracted intensity are similar for the shifted andvice properties are influenced by both intragrain and inter-

unshifted peaks. For this measurement the sample was ngtain transport. While x-ray diffraction indicates that mo-

removed from the x-ray diffraction sample mount nor was itlecular ordering is maintained after solvent exposure, TFT

realigned after solvent exposure. We believe the small deperformance, most notably field-effect mobility, is severely

crease in intensity of the shifted peak is due to film area lostlegraded. This observed degradation is most likely a result

to the buckled regions. Similar results were observed foof morphological changes which significantly degrade the

films exposed to acetone or ethanol. intergrain transport. Intragrain transport effects due to the
The difference between the elongatdg, spacing and solvent-induced phase transition are also possible, but would

the dgg; Spacing corresponds to an out-of-plane strain of aplikely be masked by intergrain effects in these measure-

proximately 6%. If we assume volume is conserved, thisments.

gives an in-plane compressive strain of approximately 6% or i _

about 2.5% if we assume biaxial strain. From our AFM scans 1 he authors gratefully acknowledge the financial support

of films after solvent exposure, we find that the surface are DARPA and Opticom-ASA.
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