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Abstract—We characterized bias induced instabilities of transient current method, where a constant bias is applied
organic gate insulators in MIM structures by measuring the  to the electrodes and the evolution of current with time is

transient current response upon application of a bias. The measured at a constant temperature.
observed effect is believed to be caused by mobile charges,

most probably ions, whose mobility is moderated by the I
moisture content of the dielectric. Based on this we esti-

mated initial distribution, mobility and amount of charges. The Isothermal Transient Current (ITC) method probes

mobile charges by their displacement current. A constant

Keywords— Organic Gate Dielectric; Mobile lons; Tran-  bias is applied to the electrodes and the variation of current

. EXPERIMENTAL

sient Current; ITC; Organic Insulator over time is recorded. The temperature is held constant. If
mobile charges are present in the insulator, they will rear-
. INTRODUCTION range under the field and give rise to a displacement cur-

rent which is proportional to the amount and mobility of

Polymer electronics holds the promise of low cost Iarg%e charges. If initial charging of the capacitor and leak-

f?hrea eIectfrorllcs.bl_EIxen ‘;houtgh S'.gmf_ltcaﬂt prggresz towalrﬁae is neglected, and ion-blocking electrodes are assumed,
e manufacturability of entire circuits has been done[1] process can be described by:

[2], the operational and lifetime stability of organic field
effect transistors is still an open subject. A significant is- ()
sue in the stabilit ic thin fi i J(t) = Qm—~ 1)
y of organic thin film transistors, OTFTs, me oy
is the shift of the threshold voltage upon applying a gate
bias. This effect has previously been researched in hybfitereQ. refers to the mobile charge per area aft) de-
OTFT which comprised an inorganic gate dielectric and a#tribes the normalized charge distribution, the charge cen-
organic semiconductor. The shift of the threshold voltagi0id, in dependence of time. The evolutionft) over
in hybrid TFTs is related to the buildup of charges at théme depends on many factors such as type and mobility
semiconductor/insulator interface [3], [4], [5], [6]. of mobile species and internal field distribution. When a
To simplify the production of circuits with OTFTs it is bias is applied, the charges will rearrange starting from an
desirable to adopt organic materials for the gate insulatdfitial distribution~(0) until they are blocked at an elec-
Organic gate dielectrics introduce additional drift mechdrode with a new distributiory(¢;-). The transit timef;,
nisms. In these materiajS, apart from Charge bu”d_up’ éﬁObserVEd as a diSCOﬂtinUity in the transient current. The
additional contribution of mobile ions within the gate in-initial distribution~(0) can either be enforced by driving
sulator is observed [7]. the ions to one electrode, or be calculated by comparing
This work investigates the stability of the gate dielect@asurements for both positive and negative bias. Ideally,
tric used in OTFTs, but now measured in capacitor metdf?€ amount of mobile charges can then be determined by
insulator-metal (MIM) structures. In the MIM structurentégrating eq. 1:
a thin (200-350nm) polymer insulator is sandwiched be- £y
tween two metal electrodes. The structures were manu- J(t)dt = (y(te) —v(0)) Qm = AQm 2
factured using the same process as OTFTSs - the electrodes

of the MIM structures are the source/drain and gate lay&(),  is a fraction of the total mobile charge depending

in a bottom gate OTFT process. We used the isothermg} redistribution. If more than one species of charges is
INow at Infineon Technologies MDC, Dresden present in the dielectric, the contributions of all species
?Electronic mail: boescke.external@infineon.com will be superimposed on the measured current. Assuming
3Electronic mail: gerwin.gelinck@philips.com that~(t) is approximately a linear function df the ion
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mobility . can be estimated as: 1647
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where d is the thickness of the insulator.

The ITC method has been successfully applied to dete
mine the mobility of sodium ions in silicon dioxide [8] and
for the characterization of ion conductors[9]. In these sys-
tems little influence of leakage currents could be observed.
The ion transient time is associated with a sudden drop of
the current. This behavior is well explained and can be ***T——— @ 71—
modeled analytically [10], [11]. Time [s]

Few reports exist on the application of the ITC method_g L. ITC measurementfor & MIM structure withe 205
. . . . i u ucture w nm.
to the characterization of ions in polymers. Here no cle he applied bias was-60V’, which corresponds to a field of

drop of current is observed. Instead, one or more charag-_ 2.44MV /em. The inset shows a lin-lin plot of the peaks.
teristic peaks in the transient current were found [12], [13],

[14], [15]. The peak is usually associated with the time at
which the species of ion arrives at the electrode [12], [13].
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1. RESULTS AND DISCUSSION

A. Device preparation ) .
Figure 1 shows two transient current measurements of

The devices, which were investigated in this work, wergn Au-polymer-Au structure in air with 40%r.h., one for a
manufactured in a process developed for organic integratggs of+60V and one for a bias of60V. Most apparent
circuits [16], [1]. The structures were fabricated on g a peculiar feature, a local maximum after a certain time.
polyethylenenaphthalate foil laminated to a silicon suppofthe time and current density associated with this feature
wafer. Bottom electrodes were formed by photolitographwill be denoted ag,cqr andJpeqr. The feature itself will
ical patterning of a physical vapor deposited gold or alipe referred to as "peak”. A significant finding is the elec-
minum film. The gate dielectric, a photoimageable polytrical asymmetry of the device. Both.,; and.Jp., are
mer, was deposited by spin coating to a thickness betwegmaller for positive bias than for negative bias. This was
d=200nm and 350nm and structured to form contact holespserved in all examined Au-polymer-Au structures. At
Top electrodes were formed by the subsequent depositigihger timescales the current starts to rise again. When the

of gold and a patterning step. The electrode area of thgrrent reaches a certain level, the device breaks down and
devices was$h5um - 345um. The final step, the deposi- js physically destroyed.

tion of an organic semiconductor to form transistors, was

omitted. Repeated measurements at different positions on the

wafer yielded nearly identical measurements, indicating
good reproducibility of the measurements. These findings
also suggest that the observed current variation is a con-

All measurements were performed with an Agilensistent feature of the dielectric film and not a function of
4155C parameter analyzer. The samples were contactedalized variations such as weak spots within the MIM
by means of a guarded micro probe, either in air (40%tructure. Further experiments showed that the occurrence
and 60% r.h.) or in a moisture free nitrogen atmospheref the peak depends on the history of the sample. When the
Samples were held at room temperatuie 20°C). The measurement was interrupted for a few seconds, the evo-
transient current measurements were taken in the "safation of the current continued approximately at the state
pling” mode of the analyzer. Usually one or two samplew/here the bias was removed. This behavior ceased when
per second were taken in "long” integration time settinghe device was allowed to relax for more than approxi-
The bias was applied to the top electrode of the structunmately one hour. Total reversibility of ITC measurements
while the bottom electrode was grounded. Every measuilie-polymers has been reported in the literature after pro-
ment was carried out on a virgin device. Unless noted otlenged relaxation and annealing of the devices [17], [14].
erwise all measurement refer to Gold-Polymer-Gold (Au-However, for practical purposes we decided to use virgin
polymer-Au) structures. devices for each measurement.

B. Measurements
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1E-3 g

ing to an additional current contributiomA@,,, shows a
weak dependence on bias, but a strong dependence on po-
larity. This can be explained by a non uniform initial ion

3 = distribution, where the ions in the virgin devices are more
2 concentrated close to one of the electrodes. The charge to
2 s peak can be used to estimage a lower bound for the total
E mobile charge and the initial distribution as:
3

1E-6 o N, — AQ;@ + AQ;L 4)

q
g PRS2V SV steps 28y 2(0) = 2Cm (5)
1 10 100 1000 AQm + AQm

Time [s]

Here ¢ is the electron chargey,, the density of mobile
charges per area amiiQ,,, and AQ);". the charge to peak
for positive and negative bias polarity respectively. The
initial distribution was0.6 for the 350nm sample ar@l7

Fig. 2. Series of transient responses for a structure with
205nm and varied bias.

9.0x10" - for the thinner samples. Assuming that the peak is based
1 e . on the motion of positive ions this means that the ions are

804071 [-a-as0nm distributed closer to the bottom electrode. The estimated
_ 70a0°] - .' total density of charges was 5 - 10°¢m =2 for all sam-
§ oo ] TUNTLUT Neganesies ples. This would then indicate that up@d% of the bulk
< / A aaa material is dissociated and mobile, depending on ion va-
& 500" T lence. We consider this value unrealistically high.
% 4.0x10" 4 - N
2 A Positive Bias B. Influence of Water Content

3.0x10 & -

. oa o Ryt cmgne- - T From literature it is known that the moisture content

2.0x10"

has a significant influence on the conductivity of poly-
mers[18]. To investigate the influence of water sorption,
additional experiments were performed in dry nitrogen at-
mosphere. After the samples were subjected to moisture
Fig. 3. Integrated charge untij.. in dependence of bias and free environment, the water slowly diffused out of the
polarity. polymer. Since the metal electrodes act as barrier, the wa-
ter has to diffuse laterally within the MIM structure un-
til it can desorb. This leads to extremely high time con-
stants, until equilibrium with the atmosphere is reached.
Figure 2 shows a group of current transients for differerithe timescale of this process is in the order of days, so that
negative bias at a relative humidity of 40%. A general obmeasurements could be made at different stages of water
servation is that the peak formation depends on the appliesmoval.
bias; increasing in speed with higher field strength. The Figure 4 shows a series of ITC experiments for a sample
current peaks align to a straight line (dotted) with a slopghat had been stored in dry nitrogen atmosphere for one
close to -1 in the log-log plot. Thus the product.ff,; day and still contained residual water. Compared to the
andt,. is independent of bias, suggesting that the olbmeasurements at 40% r.h. the current decreased and the
served current is the result of the motion of a fixed amouiime to peak increased significantly. In addition the shape
of charges. When the peak time is interpreted as the adveifithe curve changed and a clear minimum was introduced
of a species of ions at an electrode we cantget- t,..; before the appearance of the peak.
and use eq. 2 to calculat®®,,, in figure 3. After the sample had been subjected to the nitrogen
It is not possible to derive the polarity and species adtmosphere for two weeks, no peak could be measured
the charges that give rise to the peak, perhaps the peaithin 10°s of stressing (inset of figure 4). Instead of a
originates only from a highly mobile dominant fraction ofpeak only a decaying current was observed. This behavior
positive ions. Slower charges may still be in transit leads believed to be an underlying relaxation process that is

T T T T T T T T T
14M 16M 1.8M 20M 22M 24M 26M 2.8M 3.0M 3.2M
Field [V/cm]

A. Influence of Bias
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Fig. 4. ITC measurement for a MIM structure with= 205nm Fig. 6. lon mobility for a dielectric witll = 205nm at different
after 1 day in a moisture free atmosphere. The inset showdnisture levels. The dotted lines show fits to eq. 6.
measurement on a structure with= 260nm after 2 weeks

h ion. . .
dehydration moisture levels for the same sample and polarity. Apart

from the series at extremely low moisture levels, all points
independent of moisture - it was concealed by the highesllow the same line. The deviation for the dry sample
current of the process taking place at increased water cafbuld stem from an increased influence of the underly-
tent. The transient follows a power law d$t) o t~" ing relaxation current. This scaling rule indicates that the
with n close to 1, the Curie - von Schweidler law, whichamount of transported charge is independent of moisture
is usually observed in disordered insulators and related ¢@ntent, and the water does not provide additional charges.
dielectric relaxation processes with distributed time conn fact, the water only appears to moderate the transport of
stants [19]. The physical origin of this effect can not bgons. This behavior was also reported for the transport of
determined easily and has to be considered an open togiedium ions in polyimide[17].
Models have been proposed based on dipole response [20]
or protons in double wells [21]. However at fields abové&. lon Mobility
2MV/em, as applied here, an additional injection of elec- g extracted the ion mobility using eq. 3 for a series of
trons from the electrodes into traps with widely distribute%ositive polarity measurements in dependence of bias and
trapping times cannot be ruled out. moisture content. The field dependence of the obtained
values within the examined bias range follows a straight
line in a Poole-Frenkel plot (figure 6), which means that it

1E-3

O Air 40%rh. follows a function as:
X e [
T . o
”§ ﬁ\nt\ W(E) = pg - exp <2ka 7T6067~> (6)
> B A
2 sy m\ﬂ A With ¢, being the permittivity of vacuum, the relative
% . \A\A permittivity, k, andT the Boltzmann constant and temper-
35 1E6, *\A\\ ature respectively. Parameters for fits to this equation are
B A listed in table I. The Poole-Frenkel mechanism describes
1E-7 ey ] — .
! R o 100 1000 Ambient moisture level u\[cm?/Vs] e,
r.h. 60% 3.4-10717 46
r.h. 40% 55-1071% 34
Fig. 5. Jpeak VS. tpear fOr a device withd = 205nm at different 1 day in N2 2.3-10720 23
moisture levels.
TABLE |

Figure 5 shows values af,c.; VS. tpcq; at different
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atively, a relatively constant current was observed and the
devices broke down quickly. No peak was noticed. When
the Al electrode was biased positively, the current leveled
off slowly until a clearly defined drop was visible after a
certain time. Similar to the peaks in Au-polymer-Au struc-
tures, the inflexion points align on a straight line with a
slope of -1, again indicating that this effect is related to a
fixed amount of charges. Despite the high bias the current
is lower as compared to the Au-polymer-Au structure and
no breakdown was observed within 2000s.

1E-4 4

Al positive

1E-5 4

Current Density [A/cm?]

1E-6

Bias -110V,-120V,-130V,-140V
1E-7 T T T
1 10 100 1000
Time [s] The strong dependence of the characteristics on the con-
tact metal indicates that the current transients cannot be
explained by the motion of charges in the bulk alone. One
possibility is the occurrence of both electronic and ionic
currents in the bulk. Once a bias is applied ions accumulate
at the electrodes and enhance the field locally. This would
in turn facilitate the injection of electronic charges. In that
case a dependence of the work function of the electrode
would be observed, which would explain the dependence
on the contact metal. This model has been used to describe
transient currents in polyimide[14], where the peak was at-
tributed to transient electronic currents. However, the scal-
e ing of the peak position, indicating the transport of a fixed
! P timey 1000 amount of charges, can not be explained convincingly with
this model.

An alternative explanation is based on electrochemical
Peactions at the electrodes [18]. In this model ions drift
from the bulk to an electrode and are neutralized by the
exchange of electrons. No electronic current is required
the transport between adjacent potential wells by field agr the bulk. The measured transients would be directly
sisted thermionic emission [22]. equivalent to the ionic current, which corresponds to the

A general trend is the increase of the pre fagtpmwith  motion of a fixed amount of contaminants and explains
higher moisture content, while. decreases. The relativethe peak scaling. If electrochemical reactions are domi-
permittivity exceeds the electronically determined valugant, their nature depends on the type of contact metal.
(¢r,e1 ~ 4.5) by an order of magnitude. Similar expo-Gold is relatively inert and would rarely react with ions.
nential factors have been reported by others for polyimid@ contrast the aluminum electrode is very reactive. When
[23] and epoxy [19]. The ramifications of this observationt is biased negatively it seems to degrade quickly, lead-
are not clear at this point, but it implies that the Pooleing to early breakdown of the devices. For positive bias
Frenkel mechanism is inadequate to describe the condgie aluminum forms a self passivating oxide layer which
tion of ions in this material. inhibits further reaction and would explain high resistance
to breakdown. This model implicitly assumes all mobile
charges to be ionic, and that the electronic contribution to

To investigate the influence of the contact material, adhe current is negligible. Hence, in this model ca. 0.5% of
ditional structures were manufactured where the gold bdhe bulk material is ionogenic.
tom electrode was replaced by aluminum. Figure 7 shows
the results of a series of ITC measurements with different
bias for both polarities. In contrast to the Au-polymer- In conclusion, we performed isothermal transient cur-
Au structures, different mechanisms were observed witient measurements on MIM structures with thin organic in-
respect to polarity. When the Al electrode was biased negulators. A peak in the transient current was found, which

E. Discussion

1E-4 o

Al negative

1E-54

Current Density [A/cmz]

Bias 80,85,90,95,100V
1E-7 B

Fig. 7. Transient current response of a gold-polymer-aluminu
structure withd = 350nm for different bias and polarity.

D. Influence of Contact Metal

IV. CONCLUSIONS
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was attributed to the advent of charges at one electrode.
The product of peak time and current, and thus the cha:?e
associated with the peak, varies only weakly with bias a &

moisture content.

Therefore it is assumed that a fixed

amount of mobile ions dominates the process. Based on
this it was possible to estimate density, initial distributioril3]
and the mobility of the ions. It was shown that the water
content of the polymer moderates the mobility of charge
carriers, but is not a source of charges itself. The interprg=]
tation of the results is still ambiguous due to the difficulty

in explaining the mechanism of interaction between, and

the relative contribution of, ionic and electronic currents.[15

We note that a similar discussion plays a role in describ-
ing the operating mechanisms in so-called polymeric light-

emitting electrochemical cells [24].
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