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Electrical measurements have been performed on [Pahethoxy, 5 ethyl (2" hexyloxy)
paraphenylenevinyleein a pn junction with silicon. These included current—voltage
measurements, capacitance—voltage measurements, capacitance—transient spectroscopy, and
admittance spectroscopy. The measurements show evidence for large minority-carrier injection into
the polymer possibly enabled by interface states for which evidence is also found. The shallow
acceptor level deptti0.12 eV} and four deep trap level activation energi@30 and 1.0 eV
majority-carrier type; 0.48 and 1.3 eV minority-carrier tyee found. Another trap that is visible

at room temperature has point-defect nature. 2@1 American Institute of Physics.

[DOI: 10.1063/1.1334634

I. INTRODUCTION as a hole injector. Furthermore, the structure may be of tech-
nological importance when the polymer is integrated in
Conjugated polymers have structural flexibility and theirmonolithic silicon circuits. LED structures using doped sili-
weak intermolecular bonding leads to a variety of possiblecon as hole-injection material have been previously demon-
structures that are unmatched by any other class oftrated by Parker and Kirt.
materials:—3 These properties are being exploited success- Using this structure, we have undertaken an extensive
fully in the fabrication of light-emitting dioded_EDs) in all series of measurements in an effort to extract information
colors of the visible spectrum, including the hard-sought-about the properties of gap states and carrier injection. The
after blue LED? In fact, full color displays using three pri- techniques which we have used included standlaMd mea-
mary colors close to the Commission Internationale de I'E surements, steady-state capacitance, and conductance meth-
clairage (CIE) standards and color scanrfetsave already ods as well as deep-level transient-spectroscpyTS)
been fabricated from organic materials. measurements and thermally stimulated cur(@8C). Pre-
Although it has been shown that minority carriers play avious DLTS studies in polymers have made use of Schottky
major role in determining the efficiency of light emission in barrier device¥ which are single-carrier devices and are
LEDs, there is scarce knowledge of their properties. Evitherefore not suitable for probing minority-carrier traps.
dence has been found for the existence of electron traps th&@ampbellet al. have also applied DLTS techniques to ITO/
are responsible for the quenching of the electro-PPV/AI structures(PPV=poly-paraphenylenevinyleheand
luminescencé? but so far little is known about the nature of reported nonexponential transieftdn the current study we
these states and on the parameters characterizing them. show how we can probe both majority and minority traps by
Extracting unambiguous information about minority- using silicon as the cathode, and find discrete energy levels.
carrier states using common LED structures is a difficultWe also show the evidence for a thin isolating interfacial
task. These devices are normally fabricated using reactiviyer that influences the minority-carrier injection.
metals such as calcium, which chemically reacts with the
polymers® and indium tin oxide(ITO) which recently has Il. ENERGY DIAGRAM
also been found to be an unstable electrtfd€he metal— The knowledge about the band structure {pbly[2-

polymer interfaces are ill-defined and complex and ConSideanethoxy 5 ethyl(2' hexyloxy) paraphenylenevinyleiile

able care has to be taken to ensure a meaningful interpretmEH_PF’,w can be summarized as: Electron affirfignergy

tion of th_e measurements. _ from vacuum to the bottom of the conduction band or lowest
In this study we used a device structure where the elecanoccupied molecular orbit UMO)] is 2.5 eV and the band

trodes do not cbem_ically interact with the polymer. The 45 from the LUMO to the highest occupied molecular orbit
structure is ann™-silicon/polymer/gold device where the HOMO) the equivalent of the valence bani also 2.5

highly doped silicon acts as an electron injector and the gold,, 14 o p-type MEH-PPV polymer is therefore expected to
form a Schottky barrier with a depletion region when
dElectronic mail: pjotr@ualg.pt brought into contact with metals such as aluminGnork
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FIG. 2. Typicall-V curves at 300 K after freshly mounting the sample
from air into vacuum(dashed ling and after two weeks in vacuuisolid
curve. Thel -V rectification ratio which was initialy very low increases to
over 1000. Also, the plateau in the forward current, that is indicative for a
substantial minority-carrier current, is removed. The device has been con-
verted from minority-carrier type to majority-carrier type.

silicon Si(_)z polymer

FIG. 1. Expected energy diagram of artype silicon/PPV device with a
thin insulating layer(over which no voltage drop occurOn basis of the
electron affinities and band gaps of silicdRef. 15 and PPV(Ref. 14, a
rectifying contact is expected with a built-in voltage of 0.75 V.

function only 4.3 eV, but to form ohmic contacts with, for lll. EXPERIMENT

instance, goldwith a work function of 5.1 eY. With the The films of MEH-PPV(1 um thick) were deposited by
latter, an accumulated region is formed with an increasedpin coating onta™ silicon substrates with a bulk resistivity
density of free carriers at the interface. When the polymer i$f 0.1 (2 cm. Prior to deposition, the silicon substrates were
deposited on top of heavily dopestype silicon[electron  cleansed with diluted HF to remove any residual oxide layer
affinity: 4.05 eV, band gap 1.15 efRef. 15] the behavioris and were rinsed several times in ultrapure water. Before the
expected to be very similar to the aluminum—polymer inter-spin coating, the samples have been very briefly exposed to
face with a built-in voltage of-0.75 V (calculated from the air and we estimate that this has caused an oxide layer on the
difference in Fermi level positions in the silicon and poly- silicon with a thickness of the order of 30 A. After spin
mer, which are expected to be close, say 0.1 eV, to the coreoating the films were immediately loaded into a turbo-
duction band and valence band, respectively pumped evaporator and gold was evaporated through a mask

The formation of a thin, insulating oxide on top of the to form an array of circular electrodé® mm in diametex.
silicon is unavoidable when, as in our case, the deposition ifor the measurements the devices were mounted in a tem-
done at ambient conditions. This results in so-called metal-perature controlled sample holder located inside a steel
insulator—semiconductofMIS) tunnel diodes as described chamber evacuated to less thari 1@nbar. Small-signal ad-
by Card and Rhodericl The combined expected structure mittance measurements over the range 50 Hz—1 MHz were
of the device is shown in Fig. 1. carried out with a Fluke PM 6306 RCL meter. The ldeV

The presence of an interfacial layer provides an extraurves were recorded with a Keithley 487 picoammeter/
degree of freedom to the energy diagram; a voltage drop inoltage source. The sample temperature was varied in the
the insulating layer allows a shift of the band structure of therange 100—300 K and measured with a chromel-alumel ther-
metal relative to the semiconductor. Also interface statesnocouple placed on the substrate close to the devices. All
(caused by impurities or discontinuities at the interjac@&  the measurements were carried out in the dark. From the
have a pronounced effect on the device; charged interfactbrication process until the characterization, the samples
states can cause a voltage drop across the interface which chive been in ambientalbeit dark environments for some
produce effects similar to a difference in work function of days. Prior to the measurements discussed here, the sample
the two joined materials, also, a large number of interfacéhas undergone a heat treatment at 115 °C in vacuum.
states can pin the Fermi level at a certain energy. They can
thus, for mst_anc.e, forcg the interface to be mve(@tﬂabun- IV. CURRENT—VOLTAGE MEASUREMENTS
dance of minority-carriepsand make the minority current
dominate over the majority-carrier current. Figure 2 shows a typicdl-V curve of the MEH-PPV/

When a device is inverted at zero bias the minority-n*-silicon structure. The original scan, as taken freshly after
carrier current will be a substantial fraction of the total cur-mounting the sample into vacuum, shows some interesting
rent at small biases. When the voltage is increased, this rati@atures. The first thing to note is that the current densities
eventually drops/*8 The minority-carrier current will de- are very high; the current is not much limited by the oxide
creasgor grow less rapidly, while the majority-carrier cur- layer. Second, the rectification ratio is very poor, only a fac-
rent continues to increase. The net effect is the formation ofor 16 is achieved between the reverse and the forward cur-
a plateau of reduced voltage dependence of the current in thrent at|1 V|. Furthermore, the reverse current saturates, as
forward biasl —V (current—voltagecurve until the minority-  predicted by thermionic emission theadgethe, see Sze for
carrier current has died out and the device has becoma comprehensive summary of dc conductance thedyids-
majority-carrier type. This plateau can cause the device tmally, in the forward current there is a large plateau from 0 to
have inverted rectification over a certain voltage range; th®.3-0.4 eV V, as described in Sec. Il. For small voltages, the
reverse-bias current can be larger than the forward-bias cut—V characteristic is even inverted. This-V plot very
rent. much resembles the minority-carrier-MIS-tunnel diodes as
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described by Green and Shewchitiand can be described in
the following way: the MEH-PPV surface is in inversion
under reverse and small forward bias€$his inversion
might be caused by the presence of interface states which can
pin the Fermi level in the top half of the band gap at the (a) forward (b) no bias (c) reverse
interface as described in the previous secjiés. the bias is
increased the device goes from inversion to depletion anf'G. 3. Schematic band diagram of an MIS diode with interface stédes.
ventually t mulation. In inversion. the maior m _For forward biases, the Fermi lev@lashed linglies completely below the
eventually 1o accu_ ufation. ersion, the majo _90 po interface states which are therefore completely empigutra). (b) For
nent of the current is the flow of electrons from the silicon tosome biases the Fermi level is resonant with the interface-state levels. In this
the conduction band of the polymer. When the voltage iscase, a small change in the bias voltage results in charge flowing in or out of
increased. the ratio minority-carrier current to majority Car_the interface. This is visible as an increased conductance and capacitance.
. ’t tually d p’lg’lg (c) For strong reverse biases the levels are completely occupied and there is
ner Cf"rren eventually drops. o . no current upon changes in bias.
Figure 2 also shows tHe-V characteristics after placing

the device two weeks in vacuum. The rectification ratio at

+1 V has soared to 2800 and the plateau in the forward

current has nearly disappeared. The device behaves like @arge; some of the associated current is in phase with the ac

normal diode now, namely a device of nonequilibrium,iaqe and is therefore visible in a contribution to the con-
majority-carrier type. Since the silicon-oxide layer is stabley,ctance.

under these conditions, the interface states must have pEqor 0w frequencies the charges can follow the Fermi

changed or have been removed by the persistent pumpinge| modulation without problem. For high frequencies the
This would then remove the voltage drop or the Fermi 'eveltrapping and detrapping times are much longer than the ac

pinning and therefore the inversion layer. period and the interface levels cannot reach thermal equilib-
rium. In that case the capacitance and conductance reduce to
V. AC CHARACTERISTICS the depletion region values mentioned at the beginning of

this section. Note that there is no dc contribution to the con-
Studies of the capacitanc€) and the conductancé&)  ductance since the number of interface states is finite; the
associated with the depletion region can provide additiona¢onductance drops to zero at low frequencies, whereas the
information about the concentration and characteristics ofapacitance levels oftince the latter is calculated by divid-
electrically active centers. For that reason we also monitoreq]g the out-of-phase current by the ac frequentyy
the ac properties of the device. In standard theory of single= ,c—v,_, wherel y.= G-V, definesG). There is a maxi-
barrier devices the depletion layer capacitance folf8ws mum response in the—V plot when the(radia) modulation

ee. e-N frequency reaches the reciprocal trap filling times 1/7.

reo'NA . .

C:AVW’ (1) For very slow states this can be in the range of the dc scan-
( bi) ning speed.

with N, the acceptor concentratioNy,; the built-in voltage, For states that do not respond to the ac signal, but still

Athe area of the interface, the relative permittivityg, the  respond to the bias changes complicated effects take place.
permittivity of vacuum, anck the elementary chargé.Be-  This is equivalent to the case of deep, nonresponding bulk
cause in these measurements a small ac voltage is superistates which will be discussed in the next section. States that
posed on the dc bias, the ac conductance, also sometimds not even respond to the bias changes can still influence
called the dynamic conductance, will be equal to the derivathe C—V andG-V plot: fixed charges can cause a constant
tive of the DC current and therefore depends exponentiallywoltage drop and a rigid shift of th€—V and G-V plots
on the voltage. Both the capacitance and conductance in thidong the voltage axi&:
simple model are independent of the ac frequency. To summarize, for MIS tunnel diodes with interface
Interface states and deep levels can change the capasiates it has been predicted that there is a peak iICthe
tance and conductance and can give rise to frequency depeanrd G-V plots, with an intensity depending on the ac fre-
dencies as described by Nicollian and Goetzbefg€igure  quency and a voltage position depending on the distribution
3 clarifies this idea for the interface states. For forward bi-of the interface states in the forbidden gap.
ases the interface states are completely ertthgt is neutral Compared to interface states, deep levels that are homo-
in the case of acceptor statewhile for strong reverse biases geneously distributed in space have very similar behavior but
they are completely full. In either case, modulating the Fermshow themselves in th€—V plots stepwise, up-to a certain
level with the external voltage does not result in changes irvoltage, rather than as a peak as shown above. This will be
the amount of charge stored on the interface states. For cediscussed later, in the section on Mott—Schottky plots.
tain biases the Fermi level can be degenerate with the Figure 4 presents th&-V data. The freshly mounted
interface-state levelémiddle plot in Fig. 3. Modulating it  sample shows a peak at 0.4 V forward bias at 1 kHz when
with the ac voltage results in charge flowing in and out of thecorrected for the exponential dc conductances. We attribute
interface states. This current is then proportional to the dethis to interface states, as previously described.
rivative of the ac voltage and is visible as an extra capaci- The same sample placed in vacuum for longer periods
tance added to the capacitance of E.at certain voltages. has a much less pronounced peakdrV, most of the in-
Because energy can be lost in the process of transferring thierface states have been removed or changed by the pump-
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10! ——— — 3 voltages for decreasing frequencies is caused by the ability to

. (@ fresh mounting ’ probe deeper states with longer relaxation times as the ac

o 10° - L kHz i frequency is reduced. For higher frequencies the peak height
gg 1071 b sy i | in G/ w reaches a constant value, and a well at 0.1 V forward
5} " e "-(‘ ; bias sets in. Both these effects, the leveling off of the peak
£g 102 W ! T height and a well rather than a peak, cannot be explained
C& “!.M ! with the above theory. We will show what the cause is for
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104 . R 1 Summarizing, the peak iB—V data correlates very well
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Bias Voltage (V) equately described in the model of interface states that can be
. . . altered with persistent pumping. Apparently, the interface
101 |- (&) two weeks vacuum s quality is both visible in the dc measurements as well as in
2@ 100 the ac data.
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3 =101
'g-‘é : VI. MOTT-SCHOTTKY PLOTS
©a10? [ o 7 It is common to present the capacitance—voltage data in
1073 'L"ih:;,‘.l;'»‘."?".‘"“fl"“l’"" " pe | so-called Mott—SchottkyMS) plots, 1C? vs voltage ). In
L . . . ordinary situations, the slope in such a plot reveals the ac-
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FIG. 4. (a) Conductance densitfl/AR) plot at room temperature for the
freshly mounted sample at 1 kHzolid). When the dc peakdashed is
subtracted from it, a positive peak-a0.4 V remains(b) After pumping for
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ceptor concentratioil, because, according to EL)

d 1 2

~=c )
dV c2  AZeg,goN,

several weeks the peak is reduced, indicating the removal of the interfacghis is applicable to the case of a single shallow accefatbr

states. The dc conductance is calculated from the derivative of-the

curves of Fig. 2.

ionized everywhere; space charge density in the depletion
zone equal to the acceptor concentration which case the
Mott—Schottky plot consists of a straight line pointing\tg

ing. This is consistent with the dc data as presented in that the voltage axis when the concentration is uniform, or the
previous section. slope represents the local acceptor concentration in case of
Figure 5 summarizes the frequency dependence of thBonuniform distributions. It is quite common to determine
peak in the loss G/w). This was measured in another the acceptor concentration from the Mott—Schottky plots of
sample where the dc conductance was much Idsee inset ~ single-level systems.
and the peak more pronounced. The figure shows that the When there are more levels in the forbidden gap the
largest response is for the lowest frequencies. Apparenthsituation becomes more complésee Fig. &. First consider
the maximum peak height in th@—V plot would occur for ~ the situation of two acceptor levels, one shaIIoIE/Al( with
frequencies well below our measurement windd®0 Hz-1  concentrationN, ) and one deepH,, with concentration
MHz), which indicates that the interface states are ratheNAz), in fact so deep that in the absence of bias it nowhere
deep and the filling time is even longer than the 2 ms correerops below the Fermi level. This implies that all of the deep
sponding to 100 Hz. The shift of the peak towards loweracceptor levels are fille@with holeg and are therefore neu-
tral and do not contribute to the space charge and capaci-
tance; the slope in the Mott—Schottky plot then represents

35 = .

~E only the shallow acceptor concentration. For strong reverse
30 L biases the increased band bending can force the deep accep-
25 g1 tor below the Fermi level at a region close to the interface.

Now if the level is shallow enough so that it can respond to

20

" Curfent Defnsity

Loss Density (WFm™2)

FIG. 5. Frequency dependence of the I@B§®R) at room temperature for a

05 00

0:5 1.0

Bias Voltage (V)

the ac probing signalof the order of 1 kHg it will start
contributing to the capacitance. The apparent concentration
is then the sum of the two concentrations of the acceptors.
This is visible in a sudden drop and a reduction of the slope
to 1/(NA1ﬂL NAz) for biases smallefmore reverse than
Vi~ (Er—Ea,),?***as is easily seen in Fig. 6. Also, note
that the apparent built-in voltage seems to decrease; the in-
tersect of the slope with the voltage axis is loweredvip

sample with low conductivitysee insét The low background conductance — NAz( Er— EAZ)/(NA1+ NAz) .

enables the observation of a peak in forward bias which is attributed to
interface states. The largest response of the interface states occurs at
lowest frequency200 H2 and slowly decreases for higher frequend&30

Hz, 1 kHz, 2 kH2. After 3 kHz it levels off.

. If the level is too deep and the probing frequency is too
tIbngh compared to the characteristic level filling and empty-
ing times, it does not respond anymore. It is still visible in
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Na1+Na2 eV above the Fermi levelis not responding and has a concentration of
space 6.7X10' cm™3. An ¢, =5 was assumed.

FIG. 6. Schematic energy diagram for a system with two acceptor levels and

one donor level at forward bias. At a certain place the band bending is IargtaropS below the Fermi level somewhere. the effects become
enough to force the deep acceptor level below(tiae) Fermi level and it ’

starts contributing to the space charge and capacitance. Closer to the intdPOSt complex. However, it is importz_int .tO nOte_ that, as for
face the(electron Fermi level crosses a donor level which now stops to all levels that are homogeneously distributed in space, the

compensate the acceptors and increases the space charge density. Theeiffects are visible stepwise in the voltage in contrast to cer-
rows indicate the movement of the boundary edges upon an increase of the . -
(forward) bias. R&in effects that have a voltage window. o .
Finally, for normal temperatures, the Fermi—Dirac dis-
tributions over the levels make the effects smooth out a little.

duction in the sl in the M Schottky plot. b This is further enhanced by the use of finite ac amplitudes, in
a reduction in the slope In the Mott—sSchottky plot, but NOW, 1 case 50 mV. A sudden step in the capacitance, for in-

without the sudden drof. It is important to note that the stance, is in reality visible as a more gradual step. Also,

slope is no longer linear and a strglght-llne fitting f’oes NOthterface states as described in the previous section can add
reveal the true acceptor concentration anymore;(Bgs no structure to the Mott—Schottky plots

longer valid. Also, any extrapolation of the local slope to 1/ With this information we can analyze t@—V data of

2_ .
¢ _h? |rr11creasesdto| be};O.rMb" . o thi the MEH-PPV. Figure 7 shows a typical Mott—Schottky
the second level Is not a majority train t IS CaS€ (M) plot taken at an ac frequency of 100 Hz. It shows a
accgptor_level_but instead & minority tra_tp,_the 5|tuat|or_1 'S Jinear slope at reverse bias changing to a steeper slope at
again a little different. Instead of the majoritguas) Fermi forward bias. Such plots with a sudden change in slope are

level, EEP' a.sl abc|>\I/Ee, wihnow have to COES'der.tTle g"n.or'tyoften encountered in semiconducting polymers, see for ex-
(quas) Fermi level, F,+ These two can substantially deviate ample Refs. 25 and 26, and can be described well with the

from each other; large numbers of electrons injected into thgpgye theory. In the same figure, a simulation is shown in-
conduction band mov&g up. The difference between the c|yding two levels, a shallow level with a concentration of
two at the interface is actually equal to the bias. Whereas thg.3x 10'®> cm~2 and a deefinonrespondinglevel 0.75 eV
Fermi level for holes is flat throughout the entire polymer, ghove the Fermi level with a concentration of 8.70

the Fermi level for electrons is flat in the depletion zone anttm=2. The extrapolation of the forward bias slope to the
from there linearly falls back to me& =Egr somewhere in  voltage axis reveals a built-in voltage of 0.75 V. This value
the bulk of the polymet® The exact movement of this Fermi is in agreement with the predicted value on the basis of the
level and its slope in the bulk, and hence the intersect wittband-structure dat@ee Sec. )l The idea might occur to the
the donor level, depend on parameters such as the injectiaoeader that the change in slope in the MS plots instead is due
ratio, the mobility of the electrons and the electron-hole reto a spatial change in impurity concentration. In this case, the
combination rate. Therefore, it is not easy to calculate theeverse-bias slope would indicate a sudden increase of the
precise effects of a minority level on the capacitance. Whermcceptor concentration from 4x3.0'° to 1.3 10 cm™2 as

the donor level is completely above tliminority) Fermi  we move away from the interface. It is, however, unlikely
level everywhere, it is completely ionized and acts as comthat for different devices with different impurity concentra-
pensation for the acceptors. The slope we see in the Motttions the change in slope should always occur at the same
Schottky plot is then proportional to My—Np). This is  voltage, as it does. Different sample preparations resulting in
especially the case for shallow donors. When the donor levaifferent impurity densities would cause a wide range of the
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T pect any rectifying properties. Instrumental artifacts such as
4 parasitic capacitance of the cables were carefully checked
and none were found below 1 MHz. Such effects normally
start dominating at high frequencies while the devices stud-
ied still displayed normal capacitance in the high-frequency-
measurement range. As described above, deep levels cannot
explain the anomalous effect. The structure might be due to
interface states, but then it would rather be expected to be
most pronounced at the lowest frequencies, in contrast to the
observed frequency dependence. We present an alternative
explanation, namely the inductive effects of minority-carrier
injection18:2°
The underlying physics have been well described by
| 100Hz Misawa for pn junctions?® In the bulk region of the semi-
0 .05 0.0 0.5 conductor the minority-carrier current is mostly caused by
Bias Voltage (V) diffusion, whereas the majority-carrier current is caused by
drift. They move under the influence of the electric field
FIG. 8. Frequency dependence of the Mott—Schottky plots such as shown ipaused by the IR voltage drop in the bulk. Diffusion is a
Fig. 7 at room temperature. A peak appears at small biases for intermediaf%ther slow process and the current cannot follow the voltage
frequencies. . . . .
changes instantaneously; the current starts lagging behind the
voltage and a shift of the phase of the current relative to the

sizes of the depletion widttat the same voltagend hence voltage occurs. If the_phase shift is large _this effect can imi-

a wide range of voltages where the edge of the depletioft€ Negative capacitancequivalent to inductangeand

zone hits the boundary of the higher-doped region. On th@edative resistance; in the measurements one can observe a

other hand, in the above theory, the position of the change iffduced capacitance and increased conductance. It must be

slope is determined by the energetic positions of the levels iffoted that this is not a true capacitance in the sense that the

the gap, something that is expected to be independent GfEViCe can store chargthis is the definition of static capaci-

doping details. tance, but is rather an as-measured capacitance caused by a
For the freshly mounted sample, a much reduced slopBnase shift of the ac current. _

was found compared to the pumped sample. This can be ©Green and Shewchun present the same idea of the

caused by a higher acceptor concentration, or, alternativelylinerity-carrier effects upon the ac characteristics of the de-
by an increased absorption of the voltage drop by the interYICe- They show h.ow Schottky diodes can become inductive
face layer. Again this would hint at an alteration of the in- under moderate bias due to the presence of small concentra-

terface by the persistent pumping. tions of minority carriers® They also note that, by increas-
In Fig. 8 the frequency dependence of the MS plots idng the frequency of the applied signal, the corresponding

shown. At frequencies above 200 Hz a structure appears gﬂinoriw-cgrrier disturbance can be readily attenuated and_
the small-bias range which again disappears at higher frdhe capaC|tar_10e curves approach those expected on the basis
quencies. This anomalous structure cannot be explained 62 a one-carrier model. Furthermore, they were able to model
the above theory of deep levels; a responding level couldhe effects with the help of equivalent circuits containing

cause a positive slope in the MS plots, but would obviouslyféduency- and voltage-dependent components. ~These
also be visible at the lowest frequencies. Moreover, in £4auivalent circuits do not reveal so much of the underlying

simulation the reverse-bias branch would drop far below th@hysics, though. _

experimental data. On the other hand, a nonresponding deep AAccording to Misawa, the total impedance of fpéype

level does not show itself as a peak in the MS pidist is semiconductor can be described by the sum of the three

visible as a reduction in slopep to a certain voltage nor ~ €rms

does it have peaked response in frequency. In conclusion, the Z=2,+Z, +Z,. ®)

incorporation of deep levels into the model seems to predict o

the |0W_frequency data, but fails to exp|ain the anoma]y inThe first term is purely resistive and is what is expected from

the region of small bias for intermediate frequencies. the normal conductivity of the interface, namely the deple-
Similar anomalous structures in Mott_SChottkMS) tion width divided by the COﬂdUCtiVity of the material caused

plots have often been reported in the literat(for instance Py majority carriers:

for heterojunctions such as Culn®@dS’), and are there W

explained in terms ofa) back-rectifying contactg)p) instru- Zp1= .

mental artifacts(c) deep level€® (d) inductive effects due to €pPp

minority carrierst® In principle, a rectifying back contact The magnitude of the second term is proportional to the dif-

could produce a local minimum in tf@—V data by combin-  fusion length of minority carriers divided by the majority-

ing the voltage dependencies of the capacitances of the twearrier conductivitylL,/eu,p, which is multiplied by the

Schottky-barrier interfaces. Since gold, our back contactfraction of the minority-carrier AC current of the total ac

makes a good ohmic contact with MEH-PPV we do not ex-current at the interfacd,,/l. This is further multiplied by a
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FIG. 9. Frequency dependence of the amplitude of the well inGh&/ < 01+ |
plots, extracted from plots such as shown in Fig. 8. The maximum at 3 kHz '
indicates a minority carrier lifetime of 10@s.
1 | J
=] oo
factor ® containing the phase which depends on the fre- -10 0'1 10 100
qguency () and minority-carrier lifetime £,) and is 180° Frequency (kHz)

(—R) for o approaching zero and turns to 9Q°, or —C) .
for higher frequencies. In a phase diagrdnis always in the F'G- 11. Frequency dependence of the wall,(, botom in the ac-

. . . resistance plotgsee Fig. 1D is linear in this range, while the frequency
quadrant R, L) and there is a maximum inductance for dependence of the peak( , top) is more complex. This follows the theory

an%Z: of Misawa (see Ref. 29for minority-carrier effects.
2 - L, I_n -1 ©)
P2 euppp | Vitior, tracted from the data. It shows a structure of a broad well,

The last termZ,_ is more complex: for instance it also de- stretching about 0.5 V, and inside it a positive-resistance
d th P3 tio of iniected ’ it ier density t narrow peak of 0.1 V width. On the basis of the frequency
pends on the Talio of njected-minority-carrier density 0dependence of the amplitudésee Fig. 11, we can assign

thermal-equilibrium-majority-carrier density)/p,. It also :
has a more complicated phase factor, which can make thtehe broad well toZy, and the narrow peak @y, - Appar

impedance lie in any quadrant in a phase diagram: ently there e-lre voltgge regimes that favor 21592 term (al-
ways negative resistancand regimes that favor tth3

dc d .
s o 0l 1 1 () term. This can happen becaugg, depends, apart from the
Ps eupPp Pp| | 1+ Vitior, | Ji+tier, ’ relative minority-carrier current, Iiképz, also on the rela-
with 19 the minority-carrier dc current and the total dc tive minority-carrier concentration As shown above/Z;
current. andZ,, two terms can have different frequency dependence.

As is clear from Fig. 8, in our device the minority-carrier We conclude that the relatively large minority-carrier effects

current must be a substantial fraction of the total current fot Small biases are responsible for the capacitance and con-
small biases; making,,, and/orZ,_large and disappearing ductance anomalies presented here.

again at larger forward biases. This explains the peaked be- One final thing to note is 'that although the above theory
havior in the Mott—Schottky plots. Figure 9 shows the fre-91VES an adequate explanation for the effects seen in our

quency dependence of the amplitude of the well in Capaci_samples, we cannot completely rule out the possibility that

tance for a different sample. The maximum in inductancethey are related to the silicon surface and not to the intrinsic

occurs at around 3 kHz indicating a minority-carrier lifetime properties of the polymer._ Gold—silican Jungtlons, made as
of 100 us. reference samples, sometimes show effects irCth¥ plots

An accompanying resistance plot is shown in Fig. 10. Inthat resemble the ones reported here.
this plot, an exponential conductance has been fitted and sub-
VII. ADMITTANCE SPECTROSCOPY

200 . . . In reality the device we are measuring does not only
-~ consist of the interfacial layddepletion layer, but is part of
i ok a larger structure which also contains the bulk material. In
2 most cases this is a nuisance—the bulk resistance and ca-
g 200 pacitance can make the measured values deviate substan-
§ tially from the interface values—but in some cases we can
< make use of this effect. Figure 12 shows the equivalent cir-
400 %5 00 05 Lo cuit used to represent the total device. A small calculation

Bias Voltage (V) can show that even when all components in the circuit are

FIG. 10. At the same voltage where the structure appears in the Mott—freql'IenCy mdependent, the measured capacitance and resis-

Schottky plots(see Fig. 8, there is a wide well Z,,) and a narrow peak tance c_’f the total circuit de_pend on the probirlg frequency.
(Z,,) in the ac resistance. To obtain the plot an exponential conductanc&ssuming that the bulk resistance and capacitafigeand
was subtracted from the data; measured at 1.2 kHz. Cy,) are much smaller than their depletion layer siblingg (
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FIG. 12. Equivalent circuit used to model the admittance spectroscopy data.
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It consists of a loop representing the budlenoted by the subscriptt™ ) in o5
series with a loop representing the depletion lafgebscript ‘d” ). 00
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103 . . . O
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andC,), the measured capacitance and resistance are equal 1000/T (1

to the depletion layer values at low frequencies, while for (/K)
high frequenc'e$ they qre equal to the pu”( values. _Somq:IG. 14. Arrhenius plot of the frequency position of the maximum in the
where between is a turning frequency. This frequency is easess tangent of Fig. 13 as a function of reciprocal temperature, revealing an
ily found when the data are plotted in the form of a lossactivation energiE,=0.12 eV.

tangent (ta=1/wRC). This plot will have a local maxi-
mum at a radial frequency:

issue; normally for these materials the turning frequency is

1 very high and we are always well below it. For polymers,
max RovCo(C ot Cu) especially those with high bulk resistivity, it can become a

problem, though, and care has to be taken to choose suffi-
Figure 13 shows an example of the loss tangemgasured at  ciently low frequencies in the measurements. The tradeoff of
a temperature of 200 Kwith a maximum around 60 kHz. choosing low frequencies is that the noise increases rapidly
Because the temperature dependencies of the capacitandes-called 1f noise and this sets the lower limit of usable
are relatively insignificant, the position of the peak shouldfrequencies. For the samples under study, the cutoff fre-
have the same temperature dependence as the bulk resigiency lies well above 100 kHz at room temperature and all
tance. Furthermore, when we assume that the bulk resistantiee data represent the depletion region.
is governed only by the activation energgonstant mobility
and constant density of states in the valence hahe resis-  VIIl. TEMPERATURE STIMULATED CURRENT

tance will follow In a thermally stimulated currefiTfSC) experiment, the

Rpoc exp(—E4/KT), (8) device is cooled down under strong forward bias. When the
lowest temperature is reached the bias is removed and the
sample is slowly warmed up while monitoring the current. In
forward bias, the bands are flat and the deep acceptor level is
nowhere below the Fermi level; they are all neutral. When
the bias is removed the band bending is restored, but the
%emperature is too low to allow for emission of holes from

another important aspect. For all the ac measurements, V&Ee deep Ie_vels. Whe_n the temperz_iture Is slowly increased
have to take care to always use frequencies below this turrin€ holes will be reemitted at a certain temperature. The elec-
ing point in order to make sure that we are measuring théric field within the depletion layer will drift them towards
depletion layer properties. This is just an electronics effecfhe pglymer—3|de electrod@way from t.he _m_terfe_lc)eand a

and, apart from the trait described above, there is not mucﬂegatlve(reyerse current results. Th|s_ is visible in the tem-
physics in it. For the classic semiconductors it is never a bid)erature stimulated currefTSC) of Fig. 15. When all the

with E, the bulk activation energy. Figure 14 shows the
result. The Arrhenius plot of the position of the peak in the
loss tangent of Fig. 13 versus “coldnessteciprocal tem-
peratur¢ shows a straight line, revealing an activation en-
ergy of 0.12 eV.

The frequency at the maximum of the loss tangent ha

0.5_......., T o
0.4 =
= g =2
& 03 =
= ]
= 2
= =
w = -4
2 0.2 @]
=
0.1 -6
Y| PRI BT ETT B ETITY ROy 160 180 200 220 240 260 280
: 1 10 100 Temperature (K)

Frequency (kHz)
FIG. 15. Temperature stimulated current at 0 V hiesoled down at-1.0
FIG. 13. Example of a spectrum of the loss tangdribRC) at 200 K. A V). The integration of the negative peak indicates a level with a concentra-
maximum occurs at 60 kHz. tion of 4x 10 cm™3.
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holes have been emitted and the device has reached thermal 0.3sF " " " i
equilibrium again, the current drops back to zero.

The number of holes emitted from the acceptors and 0.301 7
contributing to the TSC can be found by integrating the = o02sf i
peak: —6.7 nC (4.4 10 defects) The depletion volume ot
under the circular electrode is aboux@0 * m~3 at 0 V g 0201 1
bias (based on a 300 nm depletion width and an electrode 5 0.15+ .
diameter of 2 mmand 0 at strong forward bias. This gives 0.10k |
an estimate for the concentration of the deep acceptor re-
sponsible for the peak in Fig. 138,=4x10' cm 3. 0.05 7
Whether this is correct, or the peak in TSC is due to interface 5 10 15 20
states is not clear. The integrated current-d@.7 nC would Time (sec)

; _ ; HA1BL2 e 2
CorreSpond to an interface-state denSIty 0 cm = a FIG. 16. Voltaic current transient obtained after switching the bias from

reasonable numbéfor silicon surface355). —1 to 0 V. The integrated curreri2.5 nQ corresponds to an acceptor
The same results can be obtained from a voltaic currendensity of approximateljN,— 6x 106 cm 3.
transient. When the bias is suddenly removed, a small cur-
rent lingers on. This is the current that is related to the emp-
tying (or filling) of deep levels which can take a long time 10 jiniteq by the mobility of the majority carriers and is nor-
reach thermal equilibrium. The integrated current is also her%a||y too fast for the observation of a transient. This is then
equal to the number of deep impurities in the region that hagy|iowed by a long-lived signal. For a majority-carrier trap
fallen outside(or insidg the new depletion width. Figure 16 ;o expect a negative capacitance transiepward trengt
shows an example. Here the voltage was changed ffdm  cparges are released from the acceptors and the depletion
to 0V and the depletion width will have shrunk by about 75yiqth decreases, observable as a slowly increasing capaci-
nm. Hence, the integrated curGrentigf 2.5 nC indicates agnce over time. For minority-carrier traps—traps that com-
acceptor density of N,=6x 10" cm™*. At the momentwe 1 nicate more readily with the minority-carrier band rather
have no clear proof that these currents s_tem from_bulk statqfan with the majority-carrier band—the transients are ex-
or from inside the polymer. Future experiments will address,qacted to be positivedownward trenit®! upon a lowering of
this problem with the use of more advanced TSC anGpe pias the electron-Fermi level moves down and the elec-
current-transient techniques. trons are released from the traps resulting in a decrease of the
Returning to the TSC measurements, the depth of g ,ce charge density and hence an increase in the depletion
level can, in principle, be estimated when the position of th§yigth and a reduced capacitance. It is obvious that for a
peak in TSC is determined as a function of the heating raténinority-carrier transient to be observed, minority carriers
For this to be accurate, the temperature scanning rate has Qe pe able to be injected into the polymer. To make sure of
be very constant and well known over a long period of time'this, we made use of the heterojunction of heavily doped
A much more direct and precise way to determine the Ieveh-type silicon and the-type polymer.
depth is via the temperature dependence of the loss tangent,” |, standard deep-level-transient-spectroscdPLTS)
as previously described, for the shallow level, or transient,qiads the device is primed many times per second. This is
spectroscopy for the deeper levels. This will be described iny,ssihle because for the classic materials such as silicon the
Sec. IX. decay times of the transients lie well below 1 s for all tem-
peratures. The procedure is to take many transients per sec-
ond and average them. To reduce the amount of calculation
required, from these data only two data points at a fixed
In this technique we observe the transient of the capacimoment in time are kepfthe so-called time window Re-
tance C vst) after a bias change. Levels are allowed tocently, in Laplace DLTS, all data are taken into the calcula-
reach thermal equilibrium at a certain voltage. The transiention (made possible by the availability of cheap data-
is then recorded after switching the bias to a lower voltagemanipulating power in modern computgrsand a larger
The charges that were originally trapped are emitted with gensitivity and resolution is obtained. For the polymers, the
characteristic times. The activation energy of the trap is transients are much slower. Each transient is in the order of
calculated by noting that the emission ragég=1/7, of the 100 s. For such long scans, averaging is not possible unless
carriers from a trap of deptk, at temperaturdl is given the temperature stability is compromised. This also inhibits
by the use of time windows; the scarce amount of data necessi-
tates the full use of the data. We fitted a limited number of
en= 1/ T?exp(Ea/KT), ©) exponentials, up to three, to all the data points in a scan. In
wherek is the Boltzmann constant. Measuring the time con-the few cases where the number of exponentials to use in the
stant of the transients as a function of the temperature wilfit was not evident from the scan or the fit quality was bad
then yield the trap deptlg, . the data were rejected.
The capacitance usually shows an immediate drop when Figure 17 shows that, in our case, by an appropriate
the voltage is lowered, caused by the fast growth of thepulse scheme, it is possible to prime either the minority- or
depletion region. The speed at which this happens is onlyhe majority-carrier trap levels. The majority-carrier traps

IX. CAPACITANCE TRANSIENT SPECTROSCOPY
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FIG. 17. By a suitable choice of the pulse we can make the transients reveal ) ) .

a majority trap h a 0 to—1.4 V pulse or a minority trap in a forward FIG. 19. T?-corrected decay times as a function of coldnesgeciprocal

injecting pulse+1 to —0.4 V. Measured at room temperature. temperaturg for two runs. Solid circles denote majority-type transients,
while open circles indicate minority-type trap levels. The area of each point

is proportional to the transient amplitude<® in right ploy. From these
. o ) plots four trap level depths can be determined according t¢®qThey are
can be detected using a filling pulse of zero bias, andummarized in Table I and Fig. 20.

minority-carrier traps are revealed by injecting electrons into
the polymer in a forward-bias pulse of 1.0 V. A complication

is that forward-injecting bias pulses, because of the COIIapSélear evidence for at least four trap levels, two minority ones

ing of th_e deple_tion region, can al_so significantly perturb the(activation energies: 0.48 and 1.3)edhd two majority ones
occupation of interface statesvhich are more homoge- (,ctivation energies: 1.0 and 0.3 eVThe data points related
neously distributed in energy and hence give nonexponentigl, these traps are so closely spaced that the exact determina-
contributions to the capacitance transignighich is not de-  yjo of the time constants is cumbersome and depends, for

sirable because our interest is to prime only discreet bullt,siance, on the fitting procedure. Hence, the activation en-
traps. Theref_ore, during the e>§per|ments the sample was ke@}gy of the trap levels have a wide margin of erfabout
under zero bias and then subjected to a reverse stefd@  5qo4 |t has to be noted however that there is no doubt of the

V. The corresponding transient capacitance under reversgisience of the above mentioned levels. Figure 20 and Table
bias was recorded at a series of stabilized temperatures {Q,,ymarize all the levels found in this work.

provide the time cqnstants-x. . . ) For another trap, one that is visible at room temperature
Although we did not forward bias thpn junction, we  ahq i not presented in Fig. 19, the temperature is stable
observe both types of transient corresponding 1o Majoritygna,gh to do a series of transients with different pulse
and minority-type behavior. This reversal in the sign of Ca-jgngths. The procedure is to have the device in reverse bias
pacitance change is illustrated in Fig. 18, where for a certain 4 remove the bias for a certain timethe pulse length.
temperature both types of behavior are visible at the samepe amplitude of the transient as a function of the pulse

time. The observation of minority-type transients suggestgengin can reveal information about the type of the defect

o o : ;
that electron diffusion from the " silicon is enough to fill  oqhqnsible for the transieft® For defects that can capture
minority traps in the polymer. This is consistent with the

results of the ac measurements where we showed evidence
for minority-carrier currents in the small-bias range.

Figure 19 summarizes the decay times found in the tran- CB
sients as a function of temperature. The solid and open
circles represent majority and minority traps, respectively.
Equation(9) was then fitted to these data points. There is

254 ————
experiment E
Y P llﬁ N - = DF1
& simulatio; ] AF1
@ 250 1 §
& 1 _
§ 2]
5 I AF2
9 i
§ 246 i AFO
244
RN ve
0 20 40 60 80 100

Time (s) FIG. 20. Graphical presentation of the levels found in this work placed in
the forbidden gap of the MEH-PPV. The shallowest acceptor level, AFO,
FIG. 18. At —5°C, three traps are visible in the same scan. A ftriple- was found via the loss-tangent ddsge the section on admittance spectros-
exponential curve was fitted to(dlashed ling Measured at 1 kHz, 100 mV  copy), while the others were found via capacitance-transient spectroscopy;
ac level, after a voltage step from 0 t00.8 V. see Table | for the numerical details.
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TABLE |. Trap levels detected by transient spectroscopy and admittance  Furthermore, we have shown evidence for interface
spectroscopy. See Fig. 20 for a graphical presentation of these levels. states in the conductance ddiee Figs. 4 and )5 These

Label Type EnergyeV) interface states seem to be alterable by persistent vacuum
conditions.

2:;2 ":ncgjifitt;r 10612 Due to the combined effects of large minority-carrier

DF1 minority 13 currents at low voltages and the longevity of these electrons

AF2 majority 0.30 we see a pronounced structure in eV andG-V plots at

DF2 minority 0.45 small biases caused by a lagging behind of the minority-

carrier current relative to the ac voltage as was already pre-
dicted some decades ago for the classical semiconductors.
The capacitance transients were studied as a function of
and emit single charges, the amplitude of the transie@t temperature and revealed four traps, two minority type traps
follows: and two majority type traps on top of the shallow level found
by admittance spectroscopy and confirmed by the tempera-
AC(N=AC.[1=exp(—A7)], (10 ture dependence of the dc current. The discrete nature of the
with 7 the pulse length anal a constant depending on the levels indicate that they belong to bulk states, rather than
trap-filling time. This is the case for independent single do-interface states. For the latter we expect a continuous distri-
nors or acceptors, when each trapping event is independebtition of the levels in energy and this would be visible as
and has a certain fixed probability to occur. A plot of nonexponential decay in the transients. In our case the choice
logfAC(7)—AC.] vs = will be a straight line. For traps that of cathode-silicon, with a clean chemically inert surface
can contain more than one charge, such as extended defegispbably caused a low amount of interface states on the
or when the density of defects becomes so high that they feglolymer side, enabling the observation of true bulk states.
each others Coulombic field, the probability of trapping a  To determine the concentrations of the impurities, we
charge per unit time depends on the number already presemtiade use of Mott—Schottky plots and the results were
the trap filling time becomes increasingly longer. The aboveaoughly confirmed in the TSC and voltaic-current-transient
mentioned plot will no longer be a straight line becahsis  data.
not constant. Instead, the response is initially fast and be- We have shown how the theories and measurement tech-
comes slower and slower over time; the curve bends upriques that were originally designed for the classical semi-
wards. In Fig. 21 the capacitance amplitude is plotted as aonductors, such as Si and GaAs, can be applied to the new
function of filling time 7. The conclusion is that the transient semiconductors of organic materials, such as MEH-PPV.
is caused by isolated defects. Most of these materials have large band gaps and hence the
possibility of very deep states. The relaxation times—the
carrier emission and capture times from these deep states can
X. SUMMARY be of the order of seconds up to hours. This places some

) ) ~ measurement techniques, especially all the transient tech-
We have shown how we can get important informationpjques, in a different time regime compared to classical

about the M.EH—PPV from current and capapitance measurésemiconductors, although the underlying physics are the
ments, admittance spectroscopy, and transient Spectroscosme.

It has been shown how the ambient conditions can change

Fhe device from minprity- to rnajprity-ca.rrier type. Thi§ is .of ACKNOWLEDGMENTS
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