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We study the stability in time of the current—voltage characteristics of organic thin-film devices on
glass substrates. We find for pyhexylthiophengand for pentacene that the resistance of the
devices gradually changes under the application of an electrical bias depending on the sodium
content of the glass substrates used in the experiment. For devices on a very common type of glass
(with a NgO content of about 6%and on sodalime glass (14% )& substrates, the prolonged
application of a voltage bias results in a substantial decregsto two orders of magnituglef the

bulk and contact resistances, whereas for sodium-free glass substrates the gradual changes in
current—voltage characteristics are much smaller. A systematic study of the electrical behavior
complemented by chemical analysis shows that the instabilities observed are dué torl¥a
diffusing from the substrate into the organic film, and moving inside the organic material as a result
of the applied electric field. Our results show in detail how ion motion in organic materials results

in substantial hysteresis and device instabilities. 2@)3 American Institute of Physics.

[DOI: 10.1063/1.1538338

I. INTRODUCTION studies. Several physical mechanisms have been proposed to
account for time-dependent effects, such as trapping of
Over the past few years, there has been continuousharges impurity motion>® or the chemical degradation of
progress in improving the properties of organic semiconductthe organic materidl. Although plausible, these proposed
ing materials to such an extent that they can be implementeghechanisms are not normally substantiated by a systematic
into electronic devices for practical applicatichslowever,  analysis of the time-dependent effects or other evidence to
the study and optimization of such devices is often hamperegonclusively identify the origin of the effects.
by material and device instabilities during operation. Well- The present work deals with one specific case of electri-
known examples of instabilities are provided by hysteresiga| instabilities in organic devices, namely instabilities in the
and voltage shifts in the current versus gate-voltage chara¢-—\ characteristics of organic thin films on glass substrates.
teristics of organic thin-film transistofs; or by the degra-  Specifically, we have prepared thin films of a polymeric and
dation of organic light-emitting diodes during device small-molecule conjugated material on different types of
operatiorf:® Such time-dependent changes in the electricaljlass substrates and observed large and reversible changes in
properties can gravely affect device performance, especialljhe metal/organic/metal device resistance during the applica-
when they are irreversible and eventually lead to device failtion of an electrical field. Chemical analysis indicates that
ure. In addition, they cause severe problems in the study ahe changes are accompanied by the diffusion of positively
charge transport in organic semiconducting devices, sincgnarged sodium ions from the glass substrate and into the
time-dependent changes can easily lead to misinterpretatioggganic material. We demonstrate that the electric-field-
of the current—voltagel ¢- V) characteristics. driven redistribution of ionic impurities systematically

Instabilities in the properties of organic semiconductorscayses hysteresis effects and device instabilities during op-
are not often discussed in literature. Either the time depengration of organic thin-film devices.

dence of the electrical characteristics is not investigated, or - The similarity of results obtained on solution-processed
materials which display gradual changes in their propertieg,olymer films and vacuum-evaporated small-molecule films
are replaced in device applications by more stable material$gicates that ion motion affects a wide range of organic
This is done for practical reasons but has as a result that littl§, sterials in a similar way. Furthermore, our results demon-
is known about the physical origin of electrical instabilities gyrate that the choice of substrate is crucial for device appli-
despite their importance for applications and fundamental 4tions as well as for fundamental studies of charge transport
in organic semiconductors. It is worth stressing that, in lit-
dElectronic mail: a.morpurgo@tnw.tudelft.nl erature studies of electronic transport in organic semiconduc-
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tors, similar glass substrates are used frequently but the glass
specifications are usually omitted.

Il. EXPERIMENTAL PROCEDURES
A. Devices and materials

Glass substrates with predefined electrodes were used.
The glass specifications are listed in the text. Samples were
briefly washed with polar and nonpolar solvents before ap-
plication of the organic layers. The device geometry consists
of interdigitated electrodeésee inset of Fig. Bwith inter-
electrode separatiorisranging from 1 to 2Qum and effec-
tive electrode width&V ranging from 1 to 50 cm.

We use two widely studied examples of organic conju- V (V)
gated materials: Pentacefes an example of small-molecule

; ; _ ; FIG. 1. Typicall —V characteristics of a Au/P3HT/Au device on Schott
organic semiconductors  and pOl)(S hexylthlophen)e D263 borosilicate glass. The voltage is swept up and back down, as indi-

(P3H-D (as an example of polymeric_ semiconduc)o&oth ~ cated by the arrows. The currents during the sweep up are lower than during
materials have received much attention because of their higihe sweep down. Very similar hysteresis is observed in all samples investi-

charge-carrier mobilityup to 0.1 cr/V s for P3HTO and gated. Total electrode widthw=1 cm; interelectrode separatioh
1.5 cni/Vs for pentacenél and are employed in many stud- =10um. The structure formula of P3HT is shown as an inset.
ies of organic devices such as thin-film field-effect transis-

tors. Thin films of P3HT were prepared by spincoating the . i ¢ ition denth - it ‘ teri
polymer fran a 1 wt % chloroform solution on glass sub- mination of composition depin profiies, alernaté sputternng

strates with prepatterned Au electrodes. The electrodes Wef{j/ ?ECttr)a acquisition W;S ?Tgcl’oi/edthToward_ this end% a4
defined using standard lithographic techniques. Regioregul £ r_beéam was used & 0 the Specimen surlace

P3HT was obtained from Philips Research Laboratories, Thgormal. During sputtering, thg ion beam was SC?"””ed over an
Netherlands, where it was synthesized as describe rea of 5<5 mm on the specimen surface. In this case, spec-

elsewheré? Thin films of pentacene were prepared by tra were recorded with an analyzer pass energy of 89.45 eV

vacuum evaporation onto substrates kept at room temper?—nd a step size of 0.5 eV. The composition was determined

ture. Pentacen@Aldrich, 98% was used as received rom the area of the photoelectron lines after background

To evaluate the electrical properties of the films on gIass,SUbtr"J‘Ct'on adopting elemental sensitivity facttfs.

the devices were introduced in a cryostat system (1@
10 % mbar). As prepared, the pentacene films are undopedil. RESULTS
whereas P3HT is doped by exposure to the ambient atmo-
sphere during preparation. This is due to oxygen diffusion . . -

into the P3HT, as has been established in literattité Be- dﬁgengﬁgcgzzngfmss'no;he l?:g”ﬁ?é Crzzr?ger'zt'?sgf ;32;2
fore performing measurements, we reduced the oxygen do;?— P ! 9 ’ uits we - discu

ant concentration of P3HT substantially, by briefly heating ypical examples of me_agl_Jrements performed on a Ia_lrge
the devicesin vacuoup to temperatures between 425 andnumber of samples exhibiting systematic and reproducible

440 K23 This lowers the overall doping level of the P3HT, behavior. The experimental results are organized in the fol-

owing to the outdiffusion of oxygen. Reducing the doping lowing manner. First, we investigate P3HT devices prepared

level prevents current-induced heating of the P3HT film dur-2" & very common type of glagsee Sec. Ill . As we have

: . . etermined that hysteresis effects are sensitive to the choice
ing current flow which also causes dedoping and affects th . .

e . ._,0f glass substrate, we compare different types of glass in Sec.
| —V characteristics in a time-dependent way. All electrical

measurements were performed using a Keithley 4200 semig; I\l/:fzguiﬁmsinctslﬁreD a:,:\s/ce) ?n?/r:aestfio;:Zi;:?eagrge;t?ﬁeene
conductor characterization system. . L o . 9 . . .
impurities in the organic material. We end with a discussion

of our observations and with our conclusions.

In the following, we present measurements of time-

B. X-ray photoelectron spectroscopy

Spectra of the Nasl C 1s, S 2, O 1s, Si 2p, and Au 4
photoelectron lines and the Mal 3L >3 Auger line were re- Figure 1 shows the room-temperatureV characteris-
corded with a PHI 5400 ESCA instrument set at a constantics of a Au/P3HT/Au device on very common borosilicate-
analyzer pass energy of 44.75 eV and with a step size of 0.B/pe glass(Schott D263. The characteristics are linear for
eV, using unmonochromatized incident Al x-ray radiationlow bias and nonlinear for higher bias. When measurements
(Al Kay ,=1486.6eV). The energy scale of the sphericalare performed up to a higher bias, hysteresis systematically
capacitor analyzer spectrometer was calibrated according @ppears in thd —V curves. Hysteresis is manifested by a
the procedure described in Ref. 15. The electrons emittedifference in current during the voltage sweep up compared
from the specimen were detected at an angle of 45° witho the subsequent sweep back down.
respect to the specimen surface. An elliptic area of 0.6 The magnitude of hysteresis is found to depend on the
X 0.8 mm of the sample surface was analyzed. For the detesweeping speed and on the voltage range used in the mea-

A. Hysteresis effects in P3HT devices on glass
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FIG. 2. () Schematic representation of the stress measurement cycles. Eacl™ =
cycle consists of a long period of continuous stressing at voltdge
(“STRESS”) followed by a fast measuremefitM” ) of an |-V curve.
Bottom panels] —V curves measured in between subsequent stress periods
of 120 s at stress voltagés. The left-hand side panel is for an interelec- 14
trode separation of km and shows the emergence of asymmetry inlthe ¥ : ) ) - -
—V characteristics during electrical stress. The right-hand side panel is for a 0 60 120 180 240 300 360
separation of 2Qum, revealing a nearly symmetric increase in current. The
change in current with stressing time is indicated by the arrows. Devices

were prepared on plain glass with a total electrode width of 1 cm. FIG. 3. Upper panels:l -V characteristics of a P3HT devicel (
=10um andW=1 cm) on plain glass, measured in between 25 subsequent

stress periods of 450 s "= — 100 V (left-hand side upper pandbllowed
by 25 stress periods &s= + 100 V (right-hand side upper paneA nearly

surements. Its counterclockwise direction indicates that th&/mmetric increase in current is observed during the first stress sequence,
. S . ._which is reversed by reversing the stress polarity. The lower panel shows the
current increases Wlth time under the influence of the applie Change in current measured =100V as a function of stressing time,
voltage. The current increase can reach an order of magnietermined from thé—V curves of the upper panels.
tude during a single sweep. This is a very significant effect
which cannot be ignored when studying the device charac-
teristics. stress voltagd/s. Finally, the current increase with time is
To investigate the hysteresis behavior in more detail, weaccelerated by increasing the stress voltage magnitude or by
stressed devices electrically by applying a constant stresacreasing the temperatutaot shown.
voltage Vg, interrupting at regular intervals to measure an  The observed increase in current obviously corresponds
|-V curve. Figure 2 shows two typical examples of theto a decrease of the device resistance. In general, the resis-
stress-induced changes in the Au/P3HT/Au device charactetance of a metal/polymer/metal device is determined by the
istics. The data shown in Fig. 2 confirm that the currentmetal/polymer contact resistances and by the “bulk” resis-
through the device increases with time under the influence afance of the film, the latter increasing with increasingrhe
a stress voltage. For interelectrode separatloterger than  distinct difference between stress effects observed in short
about 5um, the increase is similar for both positive and devices (<5 um) and long devicesl(=5 um) shown in
negative measurement voltaggsSig. 2(c)], while smaller Fig. 2 allows us to discriminate between contact and bulk
separations display an increase in the current mostly in oneffects. In short devices, the appearance of a large asymme-
voltage polarity[Fig. 2(b)]. This results in asymmetrit  try after stressing indicates that contact resistances dominate
—V characteristics as opposed to symmetric characteristiaghe electrical characteristics: It is this contact resistance
for longer separations. which changes during stressing. The presence of a contact
We have investigated the dependence of the currenesistance at the Au/P3HT interface is consistent with obser-
changes on the magnitude and sign of the stress voltage awndtions discussed elsewhéfe’®On the other hand, thgym-
found that the current returns to its original value after re-metric characteristics we observe, while stressing long de-
moving the stress bias or reversing the stress bias polarityices, demonstrate that also the bulk resistance of the P3HT
(Fig. 3. By maintaining the opposite sign of the stress volt-film decreases during the application of electrical stress.
age for even longer periods of time, the current can be seen To further investigate the origin of the current increase,
to increase again. For devices with a small interelectrodeve have measured the-V characteristics as a function of
separation, the increase after reversing the stress bias is diemperature. Figure(d) shows that the conductivity of a
served for the voltage polarigppositeto that of the original  device withL=20um (the bulk-dominated conductivityis
increase. This observation shows that the mechanism respotitermally activatedo= oy exp(—E,/kgT), with kg repre-
sible for the current increase is sensitive to the polarity of thesenting Boltzmann’s constari the temperature, artd, . the
stress voltage. Specifically, the asymmetry in small devices iactivation energy. The data demonstrate that a large decrease
systematically such that we measure a much larger currei activation energy occurs upon stressing the device. For
when the measurement voltagéias the same polarity as the short <5 um) devices with asymmetric characteris-

Time (min)
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TABLE |. Composition(in wt %) of the three types of glass substrates used

-5

10 E (a) in this work: Schott AF45 borosilicate glagalkali free), Schott D263 boro-
—~ -e: silicate glasgplain), and soda-lime glas@lkali rich)
£ 1074
(% , Glass SiQ Al,O4 Na,O B,Os BaO
= 1071 Alkali-free 50 11 <0.02 14 24
3 s S Plain 64 4 6 8 <1
= 1071 & Alkali-rich 71 2 14 <1 <1
[&] &2
S o &
'g 10 3 )
O 1o have found that the Au/P3HT contact resistance is sensitive

to the local doping level”*® Thus, we conclude that electri-
cal stress changes tte-V characteristics of P3HT devices
on glass in a very similar way to an increase in the free
carrier density.

B. P3HT on alkali-rich and alkali-free glass

In the course of our experiments, we have observed that
the behavior of the electrical instabilities in time correlates to
the specific kind of glass substrate used. The difference be-
tween glass substrates is mainly in their alkali content. For
example, the glass substrates discussed in Sec. lll A have a
concentration of about 8% N@ while alternative types of
glass, such as Schott AF45 borosilicate glass and soda-lime
glass, have significantly different concentrations of@®aln
this section. we therefore compare the response to stress of
P3HT devices prepared under nominally identical conditions
on different kinds of glass substrates containing either a high
alkali content, low alkali content or an intermediate alkali
content(see Table)L

The response to electrical stress of devices prepared on
alkali-rich and alkali-free glass is shown in Fig. 5 for the
case of P3HT. The preparation and thermal dedoping proce-
dures were the same for all types of devices. After dedoping,
the low-field linear conductivities of all devices were com-
parable. The response of the two types of devices to high
p electric fields as a function of time, however, is very differ-

1000/T (K™) ent. It can be seen in Fig. 5 that the stress-induced changes

. ) are much stronger for the case of alkali-rich glass. This dem-
FIG. 4. (a) Conductivity(measured a¥ =1 V) of a 20um P3HT device as ] ]
a function of temperature, before and after stressing overnight¥gat _OnStrateS the_ crucial role_ (_)f the Q'ass subgtrate for the stabil-
=200 V. (b) Ohmic conductivity of a P3HT thin film for increasing doping Ity Of the device conductivity during stressing. The measure-
levels(as reported in Ref. 33The increase in carrier density was achieved ments performed on “plain” glass discussed in Sec. Il A
bé S?F}g?.?]% r:‘aesfr']'": t?af"gfia'rdz'g;ﬁtifg ";‘t):i\'/iztsgé‘;%? i%”li\?;tsei” were found to be the intermediate situation of the alkali-free
51e similar changegi)rq a(?tivation energy i%]duced by stressing and by ar’?_nd, alkali-rich behavior in that the changes with time dljmng
increase in carrier density due to chemical doping or electrostatic accumiSimilar stress were larger than those shown for alkali-free
lation of charges. glass but smaller than alkali-rich glass.

Remarkably, thedirection of current asymmetry which
emerges during stressing of a P3HT film on alkali-rich

tics, the conductivity was also found to be thermally acti-plain) glass is opposite to that of P3HT on alkali-free glass.
vated and it was observed that the activation energy dependis the former case, the current is largest in the stress-bias
on the direction of current flovi.e., on the measurement- direction, while in the latter case; the current is largest in the
voltage polarity. direction againstthe stress-bias direction. In addition, the

The change in activation energy of the bulk conductivity current changes are orders-of-magnitude smaller for films
with stressing strongly resembles the effect of changing th@repared on alkali-free glass.
overall carrier density of the P3HT, either by chemical dop-  After several minutes of continuous stressing a P3HT/
ing or by electrostatic accumulation of chardés compari-  alkali-rich device at one voltage polarity, white spots appear
son between the three situations is shown in Fig. 4. Then the fingers of the cathodéhe electrode with the lowest
change in asymmetry of the device characteristics can alspotentia). This is shown in Fig. 6. After even longer periods
be related to a change in local doping level: We and othersf electrical stress, the alkali-rich samples break down, as

Conductivity (S/cm)

Field-effect mobility (cm?/Vs)
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3 ¢ A—+100V) Time (min)
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FIG. 7. Response to electrical stress of a P3HT device 10 um) pre-
pared on alkali-rich glass for two subsequent sequences of stress. Each
stress sequence consist of four valuesvgf(+Vy, 0, =V, and Q as
\ Alkali-free: indicated in the top part of the graph. In the first sequetg=< 10 V), the

& +50V changes are typical examples of reversible stress effects, but the second
sequence, which has a larger stress bMg=50 V), shows irreversible
5 degradation of the device characteristics. The irreversible degradation is
e accompanied by optically visible degradation of the material near the cath-

ode (see Fig. 6.

I(t) / I(t=0)

0 20 40 60 80 100
Time (min) borne out by a sudden and irreversible drop in the current
(Fig. 7). The white spots and the degradation effects are ab-
FIG. 5. Response to electrical stress of dedoped P3HT devices prepared @ant on plain or alkali-free glass samples after similar periods
alkali-rich glass and alkali-free glass. The sensitivity to the magnitude ancb]c electrical stress. This suggests that electrical breakdown is
polarity of the stress bias was investigated by stressing at four vallés of ) . . .
(+Vy, 0, —Vy,, and 0 as indicated in the upper curve in pafel Panels related to the visible change in material properties of the

(@ and (b) show thel —V curves measured beforsolid line) and after ~P3HT near the cathode.
(dotted ling the first 25 min stress at V), . Notice that after stress, the
current through the device on alkali-rich glass has increased by orders
magnitude while that of the device on alkali-free glass has decreas
slightly. For all types of glass, the changes are sensitive to the stress-bias The response to stress of pentacene devices on alkali-
polarity, causing asymmetry in the-V characteristics. The device geo- joy ang glkali-free glass is shown in Fig. 8. As in the case of
metries and stress voltage magnitudes were as follows. Alkali-rich glass: . . ] .
L=10um, W=50cm, andV,,=60V. Alkali-free glassL=3.5um, w  P3HT QeV|ces, the stress-lndupgd changes in the electrical
=50 cm, andVy =50V. properties of devices on alkali-rich glass are much larger
than those on alkali-free glass. The asymmetry that emerges
after the application of a stress bias on alkali-rich substrates
is stronger than that of similar P3HT devices, with the cur-

rent in the same voltage polarity as the stress bias increasing

e‘g‘,. Pentacene on alkali-rich and alkali-free glass

/_—\—_\_/—_ 2057
. 1 8 2
; I 1 <~ as prepared (alkali-free)
3 | ? = » 7 A
1 =0 i
as propared (alkalivich) > 5 =
B rooarooand IO e oo g £
: : 3
i sl
i | s +10uy  after thermal treatment (alkali-rich)
§ i I 104
; 3 : =
| 1 = 8
| = 0V
| i 01
‘ ! § § 0 10 20 30 40 50
] ‘ Time (min)

FIG. 6. Optical microscope image of a P3HT device prepared on Na-rictFIG. 8. Response to electrical stress of pentacene deviced@um) pre-
glass after several hours of continuous stressing. The image reveals visibfgred on alkali-rich glass and alkali-free glass, before and after a thermal
material degradation near the electrode which was kept on negative voltageeatment(in situ) of 20 min at 400 K. The stress voltages are in the upper
(cathode during application of the stress bias. The degradation shows up awace. The measurement voltages a0 V (filled symbolg and —10V
bright-colored areas. Inset: Schematic picture of the interdigitated electrodéopen symbols Note that the response to electrical stress is substantially
structure(top view, not to scale enhanced by the thermal treatment.
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TABLE Il. Atomic sodium concentration and number of sodium atoms per glass/electrode/
sulphur atom in the P3HT layer on alkali-rich or alkali-free glass, as iden- polymer polymer glass
tified by XPS.(1): Outside the electrode are): Directly over the elec- 1004
trode area. From these measurements, we conclude that the sodium concen-
tration in dedoped P3HT on alkali-rich glass substrates is at least one order —_
of magnitude higher than on alkali-free substrates R

S’

Glass P3HT [Na] [Nall[S] 5 103

R~

3]
Alkali-rich as-prepared <0.1 ©
Alkali-rich dedoped(1) 0.7-1.1 0.15-0.25 o
Alkali-rich dedoped(2) 0.9-2.5 0.2-0.4 T 14
Alkali-free dedoped <0.1 o

<<

0 50 100 150 200

and the current in the opposite polarity decreasing during Sputter time (sec)

stress. This results in an asymmetry faCtd)(V: FIG. 9. Relative amounts of the dominant elements identified by XPS for a
+10V)/I(V=—-10V) of about 100 wheVg=+20V. P3HT device on alkali-rich glass with Au electrodes. The device has inter-

It is worth noting that such a large effect is only pro- digitated gold electrodegas opposed to a full gold layer in between glass

_ and polymey so that there is a region in which the elements from the
duced by a stress voltagaefter a thermal treatment. For de electrodes, the polymer and the glass are seen at the same time. Elements:

vices prepared on alkali-rich gla_ss that were not subjected tgqen @), sodium(A), sulphur (¥), gold (¢ ) and carbon ). Dotted

a thermal treatment, the electrical stress effects are mudlmes indicate that the signal falls below the detection limit of the experi-
smaller, as can be seen in Fig. 8. In comparing this to th&went. This measurement demonstrates a uniform distribution of sodium in
case of P3HT, we remark that a thermal treatment precedinJ® °r9anic material on alkali-rich glass.

the measurements on P3HT cannot be avoided in order to

remove most of the oxygen-related dopants. If not removed, ) o o
these dopants cause a high current level and, therefore, Co121!_ectrodes of a stressed device on alkall-_rlch gl_ass is slightly
siderable Joule heating. The Joule heating and the vacuupigher (by a factor of 2, at the mosthan in regions away
environment in which the measurements are performed rdf0m the electrode areee Table ). _

sults in dedoping of the polymer filf#:*The Joule-heating- We have determined a depth profile of the sodium con-
induced dedoping causes a time-dependent change in tgmination by sputtering slowly through the device, and well

electrical characteristics of the film which obscures the efinto the substrate, interrupting every few minutes to perform
fects under investigation. XPS analysigFig. 9. The depth profile clearly reveals the

21 - : ;
Finally, we have determined that the pentacene deviceBOlymer;™ the glass, and an intermediate region near the Au

on alkali-rich glass do not break down in a similar fashion toelectrodes. It also reveals a uniform distribution of sodium
the P3HT devices on alkali-rich substrates. The white colorfhroughout the polymer thickness. _
ing of the cathode after long periods of stress is absent when Finally, we have investigated the nature of the sodium
stressing pentacene instead of P3HT. |mpur|tlgs by determining Fhe position of the Ka o3l o3
Auger line. The sum of this energy and that of the Na 1
photoelectron line is known as the Auger paramétd?). It
is an important indication of the chemical nature of an
element? We find AR,=(2063.8-0.3) eV. This value is

To investigate the contamination of the organic film pre-significantly higher than reported Auger parameters of so-
pared on alkali-rich glass, we have performed an elementdium compounds such as Ma (2062.3 eV or
analysis of a typical P3HT device by means of x-ray photo-Na,SO; (2061.7 eV) but lower than that of pure N2066
electron spectroscopXPS). Table Il shows the XPS results eV).Z® We infer from this analysis that a large fraction of the
of P3HT films on different types of glass, after various treat-sodium is dispersed as Nanside the polymer material. Be-
ments. Significant sodium contamination of the P3HT filmcause the electrostatic screening of atomic sodium dispersed
appears after thermal treatment of devices prepared on alkaiia the organic medium is different from that in pure sodium,
rich glass. In the case of alkali-rich glass without thermalthe AP is lower than 2066 eV. This environmental lowering
treatment and electrical stress, or devices prepared on alkakf the AP is a well-known phenomenon. It has been ob-
free glass, contamination is below the detection limit of theserved, for example, when comparing a pure solid and a gas
XPS apparatus. This shows that sodium diffuses during thé.e., free atoms dispersed in gt The possibility of atomic
thermal treatment from the substrate into the polymer film. sodium(Na) instead of Na can be discarded because of the

With the sulphur atomic concentrati¢8] as a measure high reactivity of this atom.
of the concentration of thiophene rings, the XPS results It is important to note the visible contamination of PSHT
listed in Table Il reveal an average contamination of about devices near the electrodes at which*N& accumulated
sodium per 5 thiophene rings of the P3HT. This correspondgFig. 6) suggests a chemical reaction. The absence of visible
to a concentration of about>810?°°cm 3. 2° Comparing contamination in devices with pentacene further indicates
XPS data taken on different regions on an actual device, wehat the reaction is specific to the thiophene ring of the P3HT.
find that the average Na concentration in the region of th®©ur XPS measurements do not indicate the formation of a

D. X-ray photoelectron spectroscopy analysis
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known sodium compound. This might be due to the fact thatathode(the negative electrodieafter long stressing times
the contamination is localized in a narrow region near thgFig. 6) confirms the ionic nature of the sodium. Positive
cathode so that the total amount averaged over the entiiens will move inside the organic film toward the cathode
XPS analysis window (060.8 mnt) might be too low for  under the influence of the applied electric field. Finally, the
detection. Alternatively, a sodium compound might beionic nature of the sodium is in correspondence with the
formed whose AP has not yet been determined and tabulatedgensitivity of the electrical instabilities to the polarity of the
stress voltage. The electric-field induced accumulation of so-
IV. DISCUSSION dium ions results in very high local concentrations of sodium

The analysis of the experimental results discussed so f4pear the cathode which might give rise to some chemical

allows us to draw specific conclusions as to the origin of the[eacTur(])ntand thu? visible dama?e. ide additional inf
electrical instabilities observed. In particular, we can demon-, € transport measurements provide additional informa-
strate that the instabilities are due to the Nimns which tion about the effect of Na on the electrical characteristics

diffuse from the glass substrate into the organic film. WhenOf the organic films. Specifically, we can conclude that the

an electric field is applied, the ions redistribute, thus causin%cinS do notdopethe organic semiconductor. This we con-

a change in the electrostatic profile inside the film. This af- .IUded becqltjs(;a the IO\(/jv.-fleId_ “r?eal'LV gharact:teﬁlst|$§ Oftl
fects the measured transport properties. We will argue tha 'm deposited on sodium-rich giass 1S not signincantly
igher after dedoping than similar films on sodium-free

when the negative counter ions of the sodium are taken int | onlv after th licati fa st bias do the d
account, the net effect of the ionic redistribution in the film js 9:25S- ©N'Y after the application of a stress bias do the de-

qualitatively very similar to that of an electrostatic gate in avices on different types of glass display very different elec-

field-effect transistor, or a change in carrier density by meangica! behaviprs. This conclusion i_s in_ line V.Vith a previous
of (de)doping. studies of thiophene-based materials including P3+TIn

these studies, atomic Na was ruled out as-éype dopant to
A. Sodium impurity diffusion and redistribution the thiophene materials. In the present case, the contamina-
tion is Na" instead of Na, so that a doping interaction is even

The comparison of the electrical behavior of organic >
less likely.

films prepared on different kinds of glass substrdtags. 5
and § clearly indicates that the electrical instabilities ob-
served in these films are related to the presence of sodiu@ Electrical response to Na _ * redistribution
compounds in the glass. In particular, the instabilities are™ P
much more pronounced for films prepared on substrates with These combined observations demonstrate that the or-
a larger sodium content. ganic material is contaminated with mobile N#ons origi-
More specifically, our measurements indicate that the innating from the glass substrate and that it is the electric-field
stabilities are cuased by sodium impurities that have diffusethduced redistribution of the ions that causes the gradual
from the glass into the organic film, while the device is keptchanges in electrical properties. We will now discuss how
at an elevated temperature. This follows from the XPS analyionic motion can result in electrical changes.
sis of devices on the different types of glass substr@dialsle Before the application of a stress bias, the positive
II) and from the electrical behavior of pentacene films ob-charge of the uniformly distributed Naons is compensated
served before and after heating to 40Qfg. 8). The depen- by negative chargéas a whole, the device remains charge
dence on temperature of the amount of sodium contaminaieutra). The application of a voltage causes a redistribution
tion inside the organic film is consistent with the fact thatof the Na" ions inside the organic material. It is unclear how
impurity diffusion in solids is normally a thermally activated this redistribution affects the compensating charge of the so-
proces$? dium ions. For example, if we consider the case of negative
We note at this point that Nadiffusion from glass sub- countercharge fixed in the substrate, the redistribution of
strates is well known, especially for the case of alkali-richNa" ions results in a change of the electrostatic profile in the
glass?* Sodium ions can migrate even through silicon diox-organic film and a change of charge-carrier density, similar
ide films and affect layers deposited on top of these oxideso what happens in a field-effect transistor under the applica-
For example, Na ions migrating into a Si layer in metal— tion of a gate voltage. This is schematically depicted in Fig.
oxide—semiconductor field-effect transistors are known tal0. Since both the contact and bulk resistances of the organic
cause unwanted threshold voltage sHiftShe motion and film are strongly dependent on the carrier density, the ionic
presence of counterions, to ensure charge neutrality, has nadistribution causes large changes in both resistances. We
been identified conclusively. Experimental evidence has beeexpect similar effects occurring in the cases of negative
presented suggesting that protons"jHnove in the opposite counterions that are mobile or positive iof@ich as H)
direction of the sodium ion motion and thus ensure chargenoving in the opposite direction of the sodium motion. In all
neutrality. Motion of negatively charged ions, i.e2Oions  cases, the electrostatic profile in the organic material will
in the case of oxidic glasses, is unlikely because of the lowchange.
diffusion constant of & . 24 This mechanism explains the sensitivity of the changes
Analysis of our XPS measuremerifec. Il D) indicates  to the applied stress bias polarity, their reversibility, and the
that most of the sodium inside the organic film is not in-long times over which they take place: After removing the
volved in a strong ionic bond but rather that it is NaThe  electric field, the N& ions are attracted by the negative
observation of visible contamination of the P3HT near thecharge in the substrate and by their concentration gradient so
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(a) glfga"ic asymmetry due to Naredistribution. This could be related
m to the negative charge of the oxygen in the organic material
as opposed to the positive charge of the'Na

electrode

glass

V. SUMMARY AND CONCLUSIONS
Na*

In summary, our results demonstrate that the electric-
field redistribution of ionic impurities systematically causes
hysteresis effects and device instabilities during the opera-
tion of organic thin-film devices. Moreover, glass substrates
can be a source of such ionic impurities. This was shown for
thin films of P3HT and pentacene deposited on glass. Na
ions that originate from the glass substrate redistribute inside
the organic material under the influence of an electric field.
The combined electrostatic effects of mobile ions in the or-
o o o ganic film and their counterions result in an increased con-
FIG. 10. Schematic picture of the diffusion and redistribution of charged .o iaign of holes in the bulk and near one contact, which
sodium impurities in organic films on alkali-rich glass substrates under the . L .
assumption of fixed negative countercharge. Pé@elhows an as-prepared, changes the bulk and contact resistances. Redistribution of
undoped device. Sodium contamination is absent in the organic film. Ajons toward the cathode, therefore, causes (tegersible

elevated temperatures, however, ionic sodium ‘(Néiffuses into the or- emergence with time of asymmetry in the device character-

ganic film, leaving negative counterions immobilized in the glass. This is._.. - . . .
shown in panelb). Panel(c) shows how the application of electrical stress istics. Our results prowde a detailed phyS|Cal picture of the

results in a redistribution of the Naions toward the cathode. role of mobile impurities in device instabilities, and also im-
ply that the choice of glass with low concentrations of so-
dium is crucial for device applications as well as fundamen-

that they slowly relax to a uniform distribution. tal studies of the electrical characteristics of organic films

The electrostatic effect of ionic redistribution also ex- deposited on glass. The similarity of the effects for P3HT
plains the similarity between the decrease in activation enand pentacene—prototypical examples of organic semicon-
ergy of charge transport with stressing and with increasinglucting polymers and oligomers, respectively— demon-
hole densitiesFig. 4) since the redistribution is accompanied strates that our conclusions are relevant for a wide range of
by an increase in hole density. Finally, the mechanism camwrganic materials.

account for the observed change in both the bulk and contact

resistances: As more Naions are accumulated close to the ACKNOWLEDGMENTS
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