Oligophenyl-base d organi c thin film transistors
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Organt thin film transistos (TFTs) hawe been fabricatel using thermaly evaporatd films of the
oligophenys p-quaterphenly (p-4P), p-quinquephenly (p-5P), and p-sexipheny (p-6P). The
field-effed mobility of these TFTs ranges from 102 cn?/V s for p-4P to 107! cn?/V s for p-6P
with on/off currert ratio from 10° to 10°. Thes values are comparake to those achieve using the
more widely studiad organt semiconduct@ alpha-sexithienly (a-6T) and pentacene. X-ray
diffraction reveas a high degre of molecula ordering believel to be importart for obtainirg high
field-effeda mobility in organt TFTs © 1997 American Institute of Physics.
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The potentid advantage of organc over conventional
thin film transisto (TFT) materiaé like hydrogenatd amor-
phous silicon (a-Si:H) include lower processig cog and low
temperatue processig compatibé with plastc substrates,
which may allow mechanicall rugged ard flexible systems.
The active matrix liquid crystd display (AMLCD) is one
exampk where organic-base TFTs may find use as pixel
contrd elements.

While organt materiab with conductivities ranging
from metallic to insulating have bean demonstratedmog of
these materiak do not hawe electricd properties suitabk for
use as active layers in organt TFTs It has only been within
the lag decae tha organic-base field-effed devices have
begun to yield resuls in the range of interes for electronic
applications Using the short-chan thiophere oligomer
alpha-sexithienly(a-6T), Garnieret al. fabricated metal in-
sulata semiconductofield-effed transistos with field-effect
mobility of 2.7x1072 cn?/V s.! Thermaly evaporatd thin
films of a-6T shav strorg molecula orderirg on a long-
range scak which may be the reasm for the observe in-
creasd mobility compare to values typically obtainel for
TFTs fabricatel using for example solvent-cas poly-
thiophere films. Subsequernwork on a-6T-based TFTs fab-
ricated using SiO,, poly(methylmethacrylate(PMMA), or
similar gak dielectrc materiab hawe yielded TFTs with
field-effed mobility as large as 5X 102 cn?/V s ard on/off
currert ratios of 10°.%*

TFTs fabricatel using the short-chan molecuk penta-
cere as the active layer hawe aperformane comparakg to

a-Si:H TFTs® Recentyy we report@l on pentacene-based

TFTs with field-effea¢ mobility and on/off current ratio as
large as 1.5 cn?/V s ard 10°, respectively’ Like «-6T, ther-
mally evaporatd pentacea thin films show strorg molecular
ordering’~°

While the reportal values for «-6T and pentacene-based

TFTs are encouragig it is not clea tha these materias are
the bed choices for organic-basg TFTs It is likely that pro-
cessig simplicity ard reproducibiliy may determire the ma-
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terid choice We repot here on anothe small-molecut sys-
tem with relatively high field-effed mobility and on/off
currert ratio. We hawe fabricatel organic-basg thin film

transistos using vacuum-deposite active layers of the oli-

gophenyls p-quaterphenly (p-4P), p-quinquephenly (p-5P)

ard p-sexipheny (p-6P), with performane similar to olig-

othiophem or pentacene-badeTFTs Thes oligophenyls
may be of interes becaus of their particularly high thermal
stability arnd possibé chemic& compatibility with the pro-
cessig requira for integrate organtc devices.

For the oligophenyl-basgé TFTs describeé here a
heavily dopal silicon wafer is usel as asubstrateand a400
nm therma oxide is grown for use as the gat dielectric All
TFTs were fabricatel using vacuun evaporatd films of as-
purchasd oligopheny materiad (Aldrich or TCI). The active
layers are deposité in asysten dedicate to organt material
depositim with a backgroud pressue less than 7
X 10 ° P. The devices are complete by evaporatig gold
throuch a shadaev mask to form soure and drain contacts,
ard the gatk contac is macde to the wafer backsideThe TFTs
hawe a channé lengh ard width of 20 and 540 um, respec-
tively.

Figure 1shows drain currert (I ) versis drain-to-source
voltage (Vpg) for severdvalues of gae voltage (V) for a
p-4P active-laye TFT. The p-4P active layer has an average
thicknes of 23 nm ard was deposité onto a substrag held
at 130 °C. From the JIp vs Vg characteristis we extrad¢ a
field-effed mobility of 1x10 2 cn?/V s for the device
shown in Fig. 1. The mobility is extractel for the TFT biased
in the saturatio region with Vpg=—100V for this ard all
the organt TFTs reportal here This devie has an on/off
currert ratio greate than 10°.

The |p vs Vpg characteristis of a p-5P-basd TFT are
shown in Fig. 2. The substra¢ was held at 100 °C during the
deposition of the 50 nm thick active layer. The field-effect
mobility is 4X 10™? cn?/V s ard the on/off currert ratio is
greate than 10°.

Figure 3 shows the |y vs Vpg characteristis for a
p-6P-basd TFT with an averag active laye thicknes of 50
nm. The p-6P film was deposité onto a substrag¢ held at
200 °C. This p-6P-basd TFT has afield-effed mobility of
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FIG. 1. The Ip vs Vps characteristis of a p-quaterphenyTFT. FIG. 3. The I vs Vpg characteristis of a p-sexipheny TFT.

7X1072 cmf/V s ard an on/off currert ratio greate than  fapricatel using substrate held at or abowe 100 °C showed

10°. improved performanceFor all three materials the extracted
Interestingly sexipheny was considerd previousy as  threshoti voltace is greate than — 45 V, which may explain

an active materid for organic-base TFTs but was not found  the previousy reportel resuls for p-6P-basd TFTs where

to yield working devices:® We beliewe the mog significant o field effect was observedPresentlythes large threshold

factar in obtainirg the mobility reportel here is the quality of

the active layer. We expet tha carrie transpot in field-

inducal channes in oligophenyl-base TFTs is dominated 104 ¢ =
by the difficulty of moving carriess from one molecuk to the ; 3 p-Quaterphenyl
next becaus of disorde and chemica impurities which can 103 r 2
form trappirg states Thus a high degre of molecula order- §
ing in the active organt materid may be necessarfor high-
mobility devices. 10? k "
The oligophenyl-basg TFTs are well-behave square- F =
law devices ard the fitting line useal for mobility extraction 10! [ ‘ l '
fits the dat over a wide range of gak voltage Although - E i L
working devices were obtainel using oligopheny active lay- E 103 | § p-Quinquepheny
ers deposite on substrate held at room temperaturedevices § § §
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FIG. 4. 6-20 x-ray diffraction patterns of(a) p-quaterphenyl, (b)
VDS (V) p-quinquephenyland (c) p-sexipheny films with avera@ thicknes of 50
nm depositel onto thermaly oxidized silicon wafers held at room tempera-
FIG. 2. The I vs Vpg characteristis of a p-quinquephenlyTFT. ture.
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TABLE I. The single crystd dyg; spacimg and the extract@ dgy, and dgoyr
spacing for the two families of peals in Figs 4(a)—4(c).

doo1 SpPacing

d001 single crystal dOOl dOOl’

Oligophenyl R R) R)
p-4P 17.71 17.7+0.2 18.6+0.2
p-5P 21.98 21.8£0.2 22.8£0.1
p-6P 26.22 26.2+0.4 27.620.5

voltages make oligophenyl-base TFTs unsuitabé for low
voltage applications However we hawe shown in previous
work using pentacen as the active materia tha threshold
voltage can be varied over a wide range by controlling the
interfae properties betwea the active layer and the gate
dielectric®

The relatively large on/off currert ratio of 10°—10° ob-
tained for p-4P- p-5P- and p-6P-basd TFTs was achieved
using as-purchask material As shown previousy for a-6T
ard pentacene-badelrFTs purification of the startirg mate-
rials may lead to improved on/off currert ratio in these
oligophenyl-base TFTs>*® Additionally, Figs 1-3 all show
evidene of significart contat effecs which limit the ex-
tracted values of field-effed mobility.

To investigae the molecula orderirg presem in these
oligopheny active layers x-ray diffraction was used The
diffraction vecta was aligned perpendiculato the substrate
surface Figures 4(a)—4(c) show 6-26 scans ofp-4P, p-5P,
ard p-6P films deposite by thermd evaporatio onto oxi-
dized silicon substrate held at room temperatureThes oli-
gopheny thin films shav strorg molecula orderirg even
when depositd at room temperatureFor all three oligophe-
nyls, the peals labeled 0Q are in close agreemenwith the
calculatel dog spacing of the single crystd oligophenyls,
while the peals labeled 00" hawe elongatel doo| spacing and

correspod to a thin film phasé-**? Note tha thes 00/
peals canna be explainel by any hk, peals of single crystal
oligophenyls Like previows authors we attribuie thes 00/
peals to oligopheny thin film phase with structuré param-
etess slightly distorted from those found in single crystak of
thes phass (e.g, adifferert monoclinc angle).®>*4These
resuls show the films are oriental with the long axis (c axis)
of the molecuk neary perpendiculato the substrag surface.
Table | lists the calculat@ single crystd dgg; Spacimg ard the
extractel dgp; and dgpr, spacim for the two families of
peals in Figs 4(a)—4(c).

Oligopheny films depositel onto substrate held at el-
evatel substra¢ temperature shov improved molecula or-
dering with the majority peals now correspondig to the
single crystd phase This is shown in Fig. 5 for a p-4P film
depositéd onto an oxidized silicon wafer held at 90 °C. The
majority peals and minority peals hawe dyy; spacing of
177 ard 186 A, respectively This trerd is also observe for
p-5P and p-6P films deposité onto substrate held at el-
evatel temperatures It is notabk tha for all three
oligophenyl-basg TFTs highe substra¢ temperaturs also
yielded improved device performance.

The x-ray diffraction patterrs of the oligopheny films
show strorg similarities to x-ray diffraction patterrs of pen-
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FIG. 5. 6-260 x-ray diffraction pattern of go-quaterphenyl film with an
avera@ thicknes of 50 nm deposité onto a thermally oxidized silicon
wafer held at 90 °C.

tacere thin films depositél onto oxidized silicon substrates.
Pentaceea also forms well orderal films with the long axis (
¢ axis) of the pentacea molecuk nearly perpendiculato the
substrae surface’ Additionally, both a single crystd film
pha® and athin film pha® are presen in pentacea films
depositel onto substrate held at elevatel temperature$®

Organic-basg TFTs using oligopheny$ as the active
material Thes devices show relatively high field-effed mo-
bility (1072-10"! cm?V s) ard on/of currert ratio
(10°-10°). In addition oligopheny thin films are strongly
ordered even when deposité onto amorphog substrates
held at room temperatureWhile working TFTs were fabri-
catal using oligopheny active layers deposité onto sub-
strates held at room temperatureTFTs fabricatel using ac-
tive layers deposite at elevatel substra¢ temperatures
showel improved performance.
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