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Influence of the gate leakage current on the stability of organic
single-crystal field-effect transistors
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We investigate the effect of a small leakage current through the gate insulator on the stability of
organic single-crystal field-effect transist¢FETS. We find that, irrespective of the specific organic
molecule and dielectric used, leakage current flowing through the gate insulator results in an
irreversible degradation of the single-crystal FET performance. This degradation occurs even when
the leakage current is several orders of magnitude smaller than the source-drain current. The
experimental data indicate that a stable operation requires the leakage current to be smaller than
10° A/cm?. Our results also suggest that gate leakage currents may determine the lifetime of
thin-film transistors used in applications. ZD05 American Institute of Physics
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The study of organic semiconductor transistors aims athermally grown SiQ was used as gate insulator, here we
the development of organic electronics, for its advantagelave also used sputtered layers of@Jaand ZrGQ, deposited
of being flexible, cheap and suitable for large-areain different ways. For both T8 and ZrQ, we have inves-
production™? So far, considerable research effort has beenigated FETs in which the dielectric layers were sputtered
focused on the optimization of the organic layer to improvefrom ceramic targetéhereafter referred to as “type I” oxides;
the performance of thin-film transistofs, Much less atten- see Ref. 10 for detailsFor TgOs, we have also investigated
tion has been devoted to other important device aspects, sughe behavior of FETs fabricated on layers sputtered from a
as, for instance, the choice of the gate insulator. metallic target, in the presence of oxygen in the sputtering

Recent work has demonstrated that the gate insulatqjas, as described in Ref. tHereafter referred to as “type II”

plays an irr71portant_ role in determining the device T4,0,). For all FETs discussed here the sputtered oxide lay-
performancé:’ In particular, it has been shown that in poly- ers were approximately 350 nm thick.

mer as well as in single-crystal organic transistors the mobil- e glectrical properties of all the different dielectric
ity of charge carriers is systematically larger the lower thejayqrg \were characterized by capacitance Bwimeasure-
dielectric constant of the gate insulator. This implies that th%ents(see Ref. 10 From these measurements we obtain a
use of lowe dielectrics will result in a higher device switch- jiqoctric const.ants=25 for Ta0s (both types and 23 for

ing speed. In view of this result, it appears useful to InVes’t"ZrOZ, as expected. The breakdown field is comparable for all

ate systematically how different properties of the gate insur .
I%tor a¥fect the be%avior of organig trgnsistors. ’ layers and typically equal t,g=4-6 Mv/cm. The leakage

In this letter we use organic single-crystal field-eﬁectgurrei?it’ ciln thte c\(/)nlttrary, |sr:i|fferenndtirf1ortthe d|:‘fexri(rerr]1ttlatyehrsif
transistor{FET9® to investigate how a small leakage current pecitically, at a voltage correspo g to approximately ha

through the gate insulator affects the stability of the devicethe, brealfdown field, the Ieakagezthrqugh type bAgs
operation. Specifically, we have investigated the behavior op/Pically in the order7of 1(?3 A/CT , slightly higher than
organic single-crystal FETs of different moleculéstracene, ~that through Zr@, 107-10 A/cm andgmuch 2h|gher than
rubrene, perylenein combination with different dielectrics that flowing through type Il T#s, <10 A/cm?. _
(Ta,0s, Zr0O,, and SiQ). We find that, irrespective of the Electrical characterization of all devices is performed in
specific molecule and dielectric used, leakage current flowthe dark, at room temperature and under vac(i@h’mbay,
ing through the gate insulator results in an irreversible degtsing a HP4156A semiconductor parameter analyzer, in a
radation of the single-crystal FET operation. The degradatiofwo-terminal configuration. Figure 1 shows the transistor
is not due to the electrical breakdown of the insulating layercharacteristics of a tetracene FET with type L@aas gate
and it also occurs when the leakage current is several ordetfelectric. Upon a superficial inspection, these characteristics
of magnitude smaller than the source-drain current. From theesemble those of tetracene FETs on Si€ee Ref. 8 The
experimental data, we conclude that a stable operation df/pical mobility values in TgO5 devices range from 0.02 to
organic single-crystal FETs requires the current leaking t®.08 cnt/V s, smaller than in devices on SjQas expected
the FET channel to be smaller than™1@/cm?. in view of the larger dielectric constant of X2.® The first
The fabrication of the single-crystal FETs used in thisunexpected difference is, however, visible in Fig. 1, as the
work is based on electrostatic bonding of an organic singleransistor characteristics exhibit some hysteresis, not nor-
crystal to a dielectric surface, with prefabricated sourcemally observed in high-quality tetracene single-crystal FETs
drain and gate contacts_. Th(_a details are essen?ially identical Si0,. A much more striking difference between the type |
to what has been described in Ref. 9. Whereas in Ref. 9 0”'Ya205 and ZrQ, FETs and the SIQFETSs is clearly apparent
when looking at th&/; dependence df, measured at a fixed
¥Electronic mail: r.w.i.deboer@tnw.tudelft.nl Vp value.
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For a tetracene FET on ZgQp-Vg curves measured at
fixed Vp are shown in Fig. @). Again, thelp-Vg relation is
markedly nonlinear, although full suppression of the source-
drain current is not reached. The shape of the nonlinearity is
different from that observed in type | J@s; devices and is
characteristic for our Zr@transistors. Also for ZrQ FETS,
the behavior of théy-Vg is similar when crystals of different
organic materials are used.

The anomalous behavior reproducibly exhibited by type
| Ta,Os5 and ZrQ, FETs originates fronirreversible device
degradation Specifically, we observe that, for every device

=25 -20 -15 -10 -5 0 studied, repeating the measurement of lif&/¢ curve sys-
VD (V) tematically results in lower measured values gf see Fig.
2(b)]. This is due to both a decrease in the device mobility
FIG. 1. Current-voltage characteristics of an organic single-crystal FETand a shift of the threshold voltage to larger negative values.
with tetracene as the organic molecule and type }Ckaas the gate  For those type | T#0s transistors in which the increaseViy
insulator. is sufficient to fully suppress the source-drain currgsge
Fig. 2@@], no field-effect induced current is ever observed

Figure 2a) shows the data obtained from a type L,Dg after the measurement, indicating that the degradation of the
FET. Contrary to the usual behavior observed in tetracengévice is complete. Attempts to recover the device by biasing
FETs on SiQ [Fig. 2(c)], i.e., I increasing linearly with/g, the gate positively, or by leaving the device unbiased for
the source-drain current in type | @ FETs increases, several days, were unsuccessful.
reaches a maximum and then decreases again. The decrease Inspection of the degraded transistors using an optical
results in the full suppression of the source-drain currentmicroscope does not reveal any visible change in the device.
unless dielectric breakdown of the insulator occurs first. ThisThe bulk of the crystal, the dielectric layer, and the FET
behavior has been observed in all fabricated devices, irresircuitry appear to have all remained intact and the crystal is
spective of the organic material usétktracene, rubrene, still well bonded to the substrate. This suggests that the de-
peryleng. vice degradation is confined to the first layers of the organic
material at the interface with the dielectric.

To determine the cause of device degradation it is reveal-
ing to compare the behavior of single-crystal FETs fabricated
10710 ' using type | and type Il T#s. Figure 3 shows the results of
E: Ip-Vg sweeps for two rubrene single-crystal FETs fabricated
10" using the two different oxides. Similar to what we have
o ., shown for the tetracene FETs in Fig. 2, the FET on type |
V, ; I v oxide exhibits.a nonlinear, nonmonotorlig-V¢ relation up

JTTTTOVVITIO Lo I to the dielectric breakdown voltagat Vg=-80 V for this
i samplg. Conversely, for the rubrene FET on type 11,Tg,
= . J Ip scales linearly withVg in a large range of values above
At |D_,."’ _ the threshold voltage, up to the maximum voltage reached in
Vo= A0V e the experimentVg=-100 V, corresp.onding toa qharge den-
sity of =5x 10" holes/cm). For this FET, multiple mea-
24— L ‘ surements of thép-Vg curve reproducibly give the same
V (V) result. Note also, in the inset of Fig. 3, that the transfer char-
G acteristics of the rubrene FET on type Il ;B are fully
hysteresis-free, as is also typical for high-quality transistors
e, (c) fabricated on SiQ In short, contrary to what happens to
—, devices based on type | J@;, for FETs fabricated on type Il
_____ - Ta,O5 device degradation does not occur. Since the main
e difference between type | and type Il JX& layers is the
much higher level of leakage current observed in the type |
\}G V) A (\/) layers, this observation suggests that the current leaking
through the gate insulator is the cause for the device degra-
FIG. 2. (a) Transfer characteristics of a FET on,0a (Vp=-10 V). The dation.
source and drai‘n currefts andID),_are equal and opposite‘, since the_ leak- To further investigate the origin of the FET degradation,
age current g is orders of magnitude smaller thap (see inset Device \ye have also studied FETs fabricated on bilayers consisting
degradation is responsible for the nonmonotdpjé/ curve, resulting in . .
the full suppression ofy at highVg. (b) Transfer characteristics of a tet- of a 350-nm-thick layer of type | -E@S (ZrOZ) covered with
racene FET on 20, (Vp=-10 V). The Ip-V; relation is nonlinear anti a 25-nm-thin top layer of Zr@(type | Tg0Os), so that the
and s are lower in the seconis sweep(open circles than in the first  organic crystal is in contact with the thin top layer. For these
tsl'\llva??f?((a(:ls%saepdeCc;;Ctlf?I;-l\I/eakc(lzrrl\é/igg 'i‘?c'ﬁag‘é‘t?:riss?ca}f:Z”;a"\;daé‘i?f:s’\f‘gi FETs, the shape of tHg-V curve is similar to that observed
that of TgOs. For comSarison(c) shows the transfer characteristics of a " FETS_ Where the thin top Ia_yer Is not present. These _experl-
tetracene FET on SiOfor which I and I, are linearly related t&/g (Vp ments indicate that the details of the device degradation are
=-10 V). determined by the thick oxide layer and not by the material
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ggo0 80 60 40 20 O leakage current is several orders of magnitude lower than
107 the source-drain currentSpecifically, our data quantitatively
50} show that in organic single-crystal FETs gate leakage cur-
- * . 107 rents larger than approximately P0A/cm? (Ref. 13 sys-
< 407 ,.,-"' o "'«.‘. , < tematically result in irreversible device degradation. This
35l f % \°o°o°o j"\ 10 "% conclusion poses a clear constraint on the design of properly
_o o‘%c,(,cw / °000 °\ "\ g -2 functioning single-crystal FETs. It is possibly also relevant
' o20t o000 L 10 for organic thin-film transistors, as it suggests that the gate
Type I Ta,O, \ R PP leakage current is an important factor in determining the de-
10 Lo, )10 vice lifetime.
0 In conclusion, we have shown that leakage current from

the gate electrode causes irreversible degradation of organic
single-crystal FETs, even when it is orders of magnitude
smaller than the source-drain current. This poses a clear con-
straint for the design of single-crystal transistors currently
used to investigate the intrinsic electronic properties of or-
ganic semiconductors. As a by-product of this work, we have
successfully fabricated single-crystal devices operating up to
a charge density of at least&10 carriers/cm (~1 carrier

per 10 molecules which will enable the investigation of
organic single-crystal FETs at high carrier density.
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FIG. 3. Ip-Vg curves(closed symbolsof two rubrene FETs on type | 5@5
(upper pangland type Il TaOs (lower panel (Vp=-10 V in both cases 1 .
The open symbols represent the leakage current. The degradation-induced®: H: Gelinck, T. C. T. Geuns, and D. M. de Leeuw, Nat. Mat&r106
nonmonotonic behavior of thig-Vg curve observed for the type | J@s 2(200‘»

FET is absent in the type Il 38 device. Note that the leakage current in .2+ YOSS: NaturglLondon 407, 442 (2000

the two devices differs by orders of magnitude, despite the comparable,C- Horowitz, J. Mater. Resl19, 1946(2009 o
crystal surface areé~ mn?) and TaO thickness(~350 nm). The inset C. D. Dimitrakopoulos, and P. R. L. Malenfant, Adv. MatéNeinheim,

shows that FETs on type Il 7@ exhibit hysteresis-free electrical SGer.) 14,99 (2002_) . ) )
characteristics. H. Klauk, M. Halik, U. Zschieschang, G. Schmid, W. Radlik, and W.

Weber, J. Appl. Phys92, 5259(2002

®A. F. Stassen, R. W. I. de Boer, N. N. losad, and A. F. Morpurgo, Appl.
directly in contact with the organic crystals. This observation Phys. Lett. 85, 3899(2004.
rules out the possibility that a chemical reaction between'J. Veres, S. D. Ogier, S. W. Leeming, D. C. Cupertino, and S. M. Khaffaf,
molecules and dielectric material is causing the device deg—ggdtvF:‘”gg g";‘;f“hlﬂaéggf:rggznson A F. Morpurgo, and V. Podzorov
radation qnd qonfwm; the role o_f the leakage current, since iNpp o siatus Solidi 201, 1302(2004).
these oxide bilayers it is the thick layer that determines thesr. w. I. de Boer, T. M. Klapwijk, and A. F. Morpurgo, Appl. Phys. Lett.
magnitude ofl o, 83, 4345(2003

We conclude that damage to the Organic Crysta| induce(]jON. N. losad, G. J. Ruis, E. V. MOI’k?, A. F. Morpurgo, N. M. van der Pers,
by current leaking through the gate insulator is the cause for,” 'éhAu- ’;'klf"g"r‘]‘:;'gar,:;‘ \If gt-e'?ge I‘S\/I\I\;(Ij JéA,\F/’Ip'I-:IFe’;‘ﬁZ' ‘;08'_7 %?)ﬁ;" oy
the device degradatldﬁ. This conc_lusu_)n is further sup- Lang, R. B. Van Dover, and C. D. W. Jones, J. Appl. PI9%,308(2002
port?d by the a_bS?nce Qf degradation in smgle.-crystal FETSThe specific microscopic process responsible for the degradation of the
fabricated on Sig in which the leakage current is undetect- organic material remains to be understood. One possible mechanism is that
ably small. It is also consistent with the larger degradation high-energy electrons leaking through the gate insulator physically break
observed in type | T#s FETs as compared to ZgQlevices individual molecules at the crystal surface, thus causing the appearance of
. . . ' a very large number of traps in the FET active regions.

since the Ieake_lge current thro?‘gh %rﬁ typlcally almost an A more precise quantification is difficult because an unknown fraction of
order of magnitude less than in type |,Ca,.

) ) - leakage current flows directly to the source or drain contacts and does not
It is worth noting that degradation occurs even wities cause damage to the organic crystal.
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