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We studied the temperature dependent current-voltage characteristics of regioregular poly
(3-hexylthiophene 2.5-diyl(P3HT) thin films sandwiched between indium tin oxiddO) and
aluminum(Al) electrodegITO/P3HT/AI devices, with the aim of determining the current limiting
mechanisits) in these devices, and the temperature and/or applied electric fieldsairgehich

these mechanisms are valid. The current-voltage characteristics of the ITO/P3HT/Al devices showed
that current flow across the device is limited by hole injection at the AI/P3HT interfaces at
temperatures below 240 K, when the device is biased with high potential on Al. Above this
temperature, the bulk transport properties control the characteristics. For the reverse bias, the
ITO/P3HT contact does not limit the current; instead it is controlled by a space charge that
accumulates due to the low charge carrier mobility in the polymer. An expression that provides a
criterion to determine the validity of applying either the Richardson—Schottky thermionic emission
model or the Fowler—Nordheim field emission model was deduced. It can be employed to determine
the electrical field at which the transition from charge injection by thermionic emission to that by
field emission for a given temperature and interface potential barrier height takes place. Our
experimental data fit to the deduced expression. Theoretical limits of the model are also discussed.
By considering the regions of the current-voltage curves where field emission or thermionic
emission was applicable, the interface potential barriers were estimated, respectively. Hence,
conclusions on whether the current-voltage behavior of the devices was contact limited or bulk
limited could be drawn. ©2003 American Institute of Physic§DOI: 10.1063/1.1588358

I. INTRODUCTION able for radiative recombinatichMost of the principles ap-
plicable to LEDs are also applicable to photovoltaic solar
cells. The functioning of organic LEDs is based on the injec-
The ease of processing of conjugated polymers and thgon of both holes and electrons from the electrical contacts,
ability to form large area thin films on virtually any, includ- their migration into the bulk followed by recombination, and
ing mechanically flexible, substrates makes these materialpe radiative decay of the excited state produced in the
very attractive for use as active components for efficient lighttourse of mutual annihilation of a pair of charge carriefs.
emitting diodes(LEDs), solar cells, and other solid state The aim is to inject a balanced amount of electrons into the
electronic devices like Schottky diodes and field effect trantonduction band and holes into the valence band, thus creat-
sistors(FETS. Transport properties of electrically conduct- ing conditions favorable for recombination, leading to the
ing polymers are of great academic and practical intérést. emission of visible radiatiodight). In solar cells, the aim is
However, in spite of significant advances in the understandto absorb as much light as possible, creating charge carriers,
ing of the qualitative behavior of organic light emitting di- j.e., holes in the valence band and electrons in the conduction
odes, a fully quantitative description of charge injection athand, which must be separated, transported in the bulk, and
the electrodes, charge transport in the bulk, and electron-hol@en effectively collected through the electrodes to the outer
recombination has yet to emeryéThe rapidly expanding circuit®°A high performance FET must have a high current
field of organic electronic devices and the wide applicationoutput, a high mobility of charge carriers through the chan-
of organic films in electrophotography have stimulated a lothel, and a high on/off ratié*'? To improve the performance
of attention and research on fundamental questions concergf polymer LEDs, FETs, and solar cells, it is vital to under-
ing metal/organic semiconductor interfaces. stand what mechanisms control the current-voltage charac-
Effective charge injection and transport in thin films of teristics of a given device structure. In any such applications
conjugated polymers play a key role in high performancethe manner in which electrical contact is made to the poly-
polymer LEDs and FETs. Thereby, research has focussed afier is of crucial importance.
the charge transport processes that limit current across the \We studied temperature dependent current-voltdge)
sample, and hence, the number of electrons and holes avagharacteristics of regioregular pol-hexylthiophene 2.5-
diyl) (P3HT) thin films sandwiched between indium tin ox-

dAuthor to whom all correspondence should be addressed; electronic maiiqe (ITO).and aluminum(Al) eIegtr_odeilTO/PSHT/A! d_e_'
dyakonov@uni-oldenburg.de viceg, with the aim of determining the current limiting

A. Motivation
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mechanisrts) in these devices, and the electric field and tem- CH2(CH2)s CH3
perature range) in which these mechanisms are valid. A /R
relationship between the applied field, the temperature, and
the rigid Schottky barrier was established, which can be used
to determine the threshold conditions for transition from field
emission to thermionic emission dominated current-voltage
behavior. This expression seemed to be applicable to, and to @
agree well with, the measured data from our experiments.

The limits of applicability of this relationship were also ex-

* n*

P3HT

plained theoretically. By considering the regions of th¥/ 8.0 7 ﬂ
curves where field emission or thermionic emission was ap- -3.5 -
plicable, the interface potential barriers were estimated, re- > ‘o -
spectively. Hence, conclusions on whether the current- g ’
voltage behavior of the devices was contact limited or bulk g 4.5 o Al
limited, could be drawn. Y50 4 Mo HOMO
B. Modeling of current in metal /polymer /metal 55T P3HT
structures

The current-voltage characteristics of metal/polymer/ (b)

me'[_al devices are cor_1tro||ed by two basic pro?es@gn' FIG. 1. (8 Chemical formula of pol8-hexylthiophene 2.5-diyl(P3HT)
jection of charge carriers from the electrodes into the poly-and(b) energy level diagram of the devices studiedder nonequilibrium

mer and vice versa ari@) transport of charge in the bulk of conditions.
the film. Steady state current is determined by the less effec-
tive mechanism, since this is the one that limits net charge
flow depending on the specific experimental situatitme
externally applied electric field, the height of the injection

parrier, i.e., the differencg between the electrode work fU”thereq is the electronic charge, the charge carrier density,
tion and the corresponding transport levels of the polymery, the carrier mobilityV the applied voltage, andithe thick-
and the temperature, elcThe current is then either injection pess of the sample. This condition breaks down at the space
limited or bulk transport limited. . charge limit when the injected carrier density becomes so
To be injected into the polymer, the charge carriers musfarge that the field due to the carriers themselves dominates
overcome the potential barrier at the metal/polymer interyyer that of the applied bias and then becomes space charge
face. As is the case for small barriers or at high temperature§mited. SCLC occurs when the transit time of any excess
a large number of charge carriers will have energies larggnjected carrier is less than the bulk dielectric relaxation
enough to cross the interface barrier in the classical way—ime. Under these circumstances, the trap free space charge
denoted thermionic emissidA.But when the temperature jimited current(TFSCLO) takes the simple form of Child's
decreases or when the potential barrier height presents g [see Eq.2)]. This behavior is characterized by a strict
large value, a reduced number of charge carriers has e”ergiaﬁadratic dependence of current on voltagope 2 in a
larger than the potential barrier height, and the thermioniqog J-logV plot). (Note that this does not necessarily imply

emission becomes insignificant. The injection then can onlyne apsence of traps in the material, but rather that they are
occur via quantum mechanical tunneling through the poteny| fijleq).2”

tial barrier. The charge carriers tunnel from the metal to the 5

empty states at the lowest unoccupied molecular orbital _2 v ©
(LUMO) or at the highest occupied molecular orbital TFSCL™ g ®ofri g3

(HOMO) level in the polymer. Alternatively, if the polymer
layer contains a high concentration of impurities, the tunnel
ing may occur from the metal to empty localized states in th
polymer layer, constituting a hopping-type proc&sk.is the

\Y
Johmzqnﬂa! 1)

Here,e, ande, are relative permittivity and permittivity of
free space, respectively. Space charge limited currents in a
Sevice can occur if at least one confai able to inject

. : . . locally higher carrier densities than the material has in ther-
;mallgstﬁamer at each interface which always dominates thg,, equilibrium without carrier injection. An emission lim-
Injection. ited contact is one that falls short of an ohmic contact’s abil-

An ohm|<_: contact Is deflr_led as an infinite reservoir Ofi to supply charge. The emission limitation can range from
charge that is able to sustain a steady state space char, (?ally blocking to finite injecting®

limited current(SCLC) in a device. With ohmic contacts, the
current-voltage relation is often linear at low bias up to a
certain value since the electrical field due to the injecte
carriers is negligible compared to that due to the applied The formula of P3HT and a comparative energy level
bias. The slope of a log—log plot between currerior cur-  diagram of the studied devideinder nonequilibrium condi-
rent densityd), and voltageV at low voltages is then equal to tions) are shown in Fig. 1. The HOMO of P3HT has been
1, and the behavior is described by Ohm’s law, Eq:'® estimated to range between 5.1 and 5.2 eV, from an SCLC

I. MATERIALS AND METHODS
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FIG. 2. An overview of current-voltage curves fde=20 nm thick ITO/
P3HT/AI devices within the 100 to 360 K temperature range.

analysis of hole only thin film devicés,cyclic voltametry?®

and photoelectron spectroscdpyThe energy gap estimated
from absorption spectroscopy is about 2.1 eV, therefore the
LUMO is about 3.0 eV. The work functions of ITO and Al
are about 4.7 and 4.3 eV, respectively.

The high work function electrode was patterned by etch-
ing commercial ITO coated glass substrates in acid. The sub-
strates were cleaned in deionized water, acetone, toluene, and Voltage (V)
isopropanol, respectively, in a hot ultrasonic bath.

_ ; FIG. 3. J-V curves in log-log scale fofa) hole injection through the Al/
chloroform-toluene based polymer SOIUtiGPBHT, 5 mg/m] P3HT interface(dotted lines correspond to slog® and (b) hole injection

was then spin-coated in the nitrogen atmosphere of a glovgough the ITO/P3HT interfactlotted lines correspond to slog).
box, G-2 ppm and HO-0,01 ppm. The metal top electrode
(Al) was deposited by thermal evaporation in high vacuum,
better than % 10~ 7 mbar, at a slow rate of between 0.05 ent temperatures, ranging from 100 up to 360 K in 20 K
and 0.1 nm/s. steps. Figure @) corresponds to hole injection into the
All devices were stored in nitrogen atmosphere prior toHOMO of P3HT through Al(+ is on Al) and electron injec-
measurement. Dark, temperature dependent, current-voltagien into the LUMO through ITO(— on ITO). It can be
characteristics were obtained by utilizing a dc current-observed that the curves have a slope equal to about 1 at low
voltage Source/Monitor UnifAdvantest TR 6148 as a volt-  voltages, suggesting compliance with Ohm’s law. It is inter-
age source and current monitor, with the device placed in asting to note that the slope then tends to about 4, and each
liquid-nitrogen-cooled cryostat at high vacuum of better thancurve approaches this slope at a higher voltage, the higher
10" ° mbar in all cases. The temperature range studied wathe temperature. Since the slope is greater than 2, it might
from 100 to 360 K, and the temperature was allowed tondicate the existence of traps within the bulk of the
stabilize for 3 min within+/—0.1 K before measurement semiconductot® The power dependence of current on volt-
was initiated. The thickness of the devices was then obtainedge will be steeper than the quadratic one, if the distributed
by scrapping off part of the thin polymer film, and using andeep traps will influence the charge transport within the
atomic force microscope&Burleigh Vista -100 Scanning semiconductor bulk.
Probe Microscope in the non-contact mode, to scan the The limitation of the current by the contact with a rela-

Current density (A/cm?)

0.1 1 10

formed step. tively high barrier (such as the hole injection through Al/
P3HT) is more pronounced at low temperatures. At such
IIl. RESULTS AND DISCUSSION temperatures, thermally generated carriers are very few, and

at low voltages the injected charge density is small so that
the overall behavior is ohmic. As the voltage is increased, the
An overview of the currentl() versus voltage\) char- number of injected carriers increases, so that space charge
acteristics of ITO/P3HT/AIl devices, for temperatures rangingaccumulates, tending to limit the current. The number of
from 100 to 360 K, is shown on a linear scale in Fig. 2. Thethermally generated carriers increases with temperature,
asymmetrical nature of the curves is attributed to the differhence, the current increases with temperature, conforming to
ence in the work functions of the electrodes, implying differ- semiconductor behavior. Therefore, an even higher voltage
ent barriers at each electrode/polymer interface. has to be applied before the injected charge and the thermally
Figure 3 shows double-logarithmizV plots for differ-  generated charge can become comparable. The super linear-

A. Current-Voltage characteristics
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ity is, therefore, expected at a higher voltage, when the tem- -1 - T
perature increases. Superlinear behajsee Fig. 83)] sug-
gests that the injected charge overwhelms the transport
capabilities of the polymer, hence giving rise to the accumu-
lation of positive charge near the Al hole injecting electrode.
The bulk properties start to control the curent-voltage char-
acteristics. When all the curves reach the constant slope line,
the J-V curves depend more strongly on the voltage applied
rather than temperature.

Figure 3b) corresponds to electron injection into the
LUMO of P3HT through the Al electrode, and hole injection
into the HOMO through the ITO electrode. Below 2 V, the V=05V, step 05V \+
slope of the curves measured at low temperatures is approxi- b1 {
mately 2(TFSCLC behavior. The bulk controls the current. 3;0 - 3i5 2.0
At higher temperatures, the slope found is between 1 and 2. 1000T (K")

This means that the thermally generated carrier density ex-
ceeds that of the injected charge. The changes in slope with
applied voltage seen in Figs(e3 and 3b) are different due

to the different hole injection barrier heights.

In(J/T2) (Alom’K?)

B. Thermionic emission

At low electrical fields when the slope of )(versus
In(V) is about 1, the region is considered as being ohmic.
Above the ohmic region, the current-voltage characteristics
may be fitted to the Richardson—SchottkigS) emission
model. The essential assumption of the RS model of thermi-
onic emission is that an electron from the metal can be in- 25 30 35 40 45
jected into the polymer, once it has acquired a thermal en- 1
ergy sufficient to cross the potential maximum that results 1000T (K)
from the superposition of the external and the image chargeig, 4. In@/2) vs 10007 plot for (a) hole injection through the AVP3HT
potential. This model usually is valid at lower fields and interface and(b) hole injection through the ITO/P3HT interface. Dotted
higher temperatures. At higher fields, the metal work func-ines are guides for the eye.
tion for thermionic emission is reduced, thus lowering the
Schottky barrier heighimage force lowering The Schottky
equation, taking into account image force lowering, may bealled activation energy. The effective barrier height between
written ag*2? the electrode and the film may be calculated from the slope,

¢B) q3V thus,
— A*T2 _ =
J=ATT eXF{ kgT ex dmege,d

where ¢g, d, g, ande, are the interface potential barrier
height, film thickness, vacuum permittivity, and optical di- Our experimental data fits well with the RS emission
electric constant, respectivelys is Boltzmann's constani  model at high temperatures. As can be noted from Fig. 4, the
the elementary electronic .charg'(_at_he absolute temperature, sjopes of In§/T?) versus 1000F at different voltages tend to
and the applied voltag¥ is positive for forward bias and - strajght lines at high temperatures. This is particularly clear
negative for reverse biasA* is the Richardson—Schottky i the case of hole injection through ITO, Figib% where
constant A* =4mqm* kg/h®=120 AlenfK), for free elec-  the straight lines are observed from about 250 K (1000/
trons, where the effective carrier mas$ equals that of the  —4) ypwards. In the case of Fig(a, i.e., hole injection
free electron, otherwise it depends on the anisotropy of thgyrough Al the straight line behavior seems to be evident
material,z“'h is Planck’s constant. above 300 K, but there are too few experimental points to
Equation(3) may be rewritten as make a reasonable fit. However, the fact that thermionic
J REY; 111 emission dominated behavior is observed at higher tempera-
|”(T—2) =In(A*)+|| — g+ Vﬁ) k_}?' (4)  tures indicates that a higher hole injection barrier exists at
TEoEy B the AlI/P3HT interface, since more thermal energy is required
According to Eq.(4), plots of In(/T?) versus 10007 are before the charge carriers will be able to overcome it. This
straight lines, since all the other parameters are constant, atcanfirms the difficulty of injection through this barrier as
given voltageV. The expression in the square brackets ofcompared to the ITO/P3HT interface as has been observed
Eq. (4) represents the slope of %) versus 10007 and is  and mentioned in Sec. lll A. The employment of EE) to

In(J/T2) (A/cm2Ke)

V=05V, step 05V

1/2

/kgT], (3

Sv
d ) . (5)

¢B=< —kgXslopet+ pP—]
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the fitted straight lines yielded a hole injection barrier equal 8051 T Py
to 0.44 eV for the ITO/P3HT interface. A larger barrier is 009 T=220 K
expected for hole injection through the AI/P3HT interface. -31.01 -
s D>
C. Field emission & -31.54 NI 1
5 ) DD /W
The Fowler—Nordhein{FN) model for tunneling injec- = 3204 sﬂg;s/ ]
tion (field emission ignores image charge effects and in- & 1 s ;
vokes tunneling of electrons from the metal through a trian- S 325 —X
9 9 c X:X:X/
gular barrier into unbound continuum states. It predicts that = 1 XX o]
when field emission dominates, tldeV characteristics are -33.04 0000[™°

.9
described by lT=100 K, step 20 K

-33.5
0.0 2.5x10° 5.0x10°
8 m\2m* 32
=AF? - 1/F (cm/V
J=AF exp( 3haF , (6) ( )
. . . : -29.
wherem* is the effective charge carrier magsthe applied 95
electric field, andA [in A/V?] a rate coefficient that contains -30.0
a tunneling prefactor and the rate of current back-flow. 305
can be deduced from the treatment by Kao and Hefaifgt < atol
A is given by 5 |
3 S 315
q &
A= ——. 7 L -
8nhdg (7) S 32.0
. . c  -325
Equation(6) can also be written as = I
-33.0f \ -
5 —K - T=100K, step 20K
J=AFZexpg —|, (8) -335 - ‘s .
F 0.0 2.5x10° 5.0x10’
where 1/F (cm/V)
8m\2m* d)‘é’z FIG. 5. Fowler—Nordheim plots for the tunneling of hol@s from Al into
K= —————— = constant. (9) P3HT and(b) from ITO into P3HT. Dotted lines indicate the linear parts of
3q h the curves.

If the value of x is known, then the barrier height between
the electrode and the film may be estimated from @yas

3 slightly varies with temperature in different ways. Note that

_ 3kgh the variation of band bending in the vicinity of contacts, if
B 8m\/2m* (10 present, may be responsible for the latter. The deviation from
) ) straight line behavior at lower electric fields is attributed to
Equation(6) may be rewritten thus thermionic emission. Therefore, the injection of holes
J 1 through the lower barrigi TO/P3HT) is expected to be more
In(a) =InA— K(E> . (11)  influenced by temperature.

We have also calculated the HOMO of the polymer us-
This is a straight line equation of BE?) versus (1F) with  ing the procedure suggested by rimelgenet al.2® where

a slope equal to-«, and the plot is referred to as the FN knowledge of the thickness and the effective mass is not
plot. The value of« may, thus, be determined from FN plots. required, but only the work functions of electrode materials
Figure 5 shows typical FN plots of ITO/P3HT/Al devices for and the slopes of the FN curves in reverse and in forward
temperatures ranging between 100 and 220 K for posiéive bias, at constant temperature. In this procedure, the ratio of
and negativeb) bias on Al, respectively. the slopes of the FN curves, from E(p), is considered.

At high applied fields, the FN curves for our devices cansych calculations suggest a linear variation of the HOMO
be fitted to straight lines. From the slope of the straight parfrom about 5.24 eV at 100 K to about 4.9 eV at 220 K, if the
of FN plots, the interface potential barrier height can be comelectrode work functions were constant with temperature.
puted by using Eq(10). In Fig. 5a), the curves obtained for
different temperatures converge into one common line, at . ) o
high applied fields. The barrier height for hole injection into Emléznggggg{gnn;tzgd to thermal emission
the HOMO through the AI/P3HT interface can be, therefore,
estimated as 0.85 eV. In Fig(l, instead, the slopes are The concept of tunneling alone, or of thermionic emis-
temperature dependent. The upper limit of the barrier heighsion alone, does not make much sense within the transition
for hole injection into the HOMO through the ITO/P3HT region. The description of this region would call for some
interface is 0.47 eV af =100 K. This indicates that the kind of a hybrid model. The combined contribution of the
barrier height, defined as the energy gap between the HOM@vo phenomena to the measured current has been described
of the polymer and the respective electrode work functiongither as field assisted thermionic emission or thermally ac-
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RS thermionic
kgT > ¢g Thermionic emission } emission model
N
Field assisted thermionic
0 emission )
kT = ::>_ Hybrid models
B 95 . > (transition)
(i Thermally assisted field ) )
emission FIG. 6. Mechanisms of charge carrier
injection through a metal/polymer in-
¢B terface. The energy distribution func-
/ tion is of Maxwell—Boltzmann type.
ksT < dg Field emission } iN O(;:?neling

metal polymer

tivated tunneling* (see Fig. 6. The increase in electric field tering inside the potential well which is of crucial importance
implies a stronger barrier lowerin@ue to image charge in organic solids where transport is an incoherent process
meaning that charge carriers which have a smaller energgnd the mean free path is small. There, clearly, is a need for
can now be emitted over the barrier, and this is denoted athe harmonization of the two concepts, the classical RS ther-
field assisted thermionic emission. On the other hand, sincmionic emission over the barrier and the quantum mechani-
the barrier is considered to be constant in the FN theory, anal FN tunneling through the barrier.

increase in temperature implies a smaller difference between

the energies of the electrons and the top of the barrier, mean-

ing that the barrier to be traversed is now thinner, and thel. Model

robability of tunneling increases. This is denoted as ther- - .
P y g We utilize the expression for the temperature dependent

mally assisted field emission. . : .
Y }}mnellng current through a triangular barrier at metal/

Indeed, many studies have been done In other metayl |/ " 5o races derived M2 from which we deduce an
polymer/metal devices, in this respect. For instance, temPOY '

perature dependent current-voltage measurements on po'gﬁgtrjetsosgr:j:/:cglsvimlr;nl:zg]w?\kiar?ttgr(;aftl:ildbgrﬁ;rn:::t hbtea?pé
para-phenylene venyler®PV) films revealed a thermally iven temperaturelT, so that the tunnelin contrigbut,ion
activated behavior at low voltagd§The absence of this be- 9 P ' 9

hvir i mghervlsge s anbue o el emssoy L5 1 o erissn conbuton o e curent
tunneling at the contact&® However, the theoretical FN ex- 9 y 9 9

pression was not able to quantitatively account for their ex-at a metal polymer interface, considering the effect of tem-

perimentald-V characteristics. The large deviations were at-Perature on the Fermi distribution s given‘by

tributed to thermionic emissicfi,space charge effects in the q2mkgT [ m* \ 1?2

bulk of the polymer® and band bending effect$.It has J(T):T(T%)

been demonstrated that at low electric fields and at room

temperature the conduction of holes in PPV devices is lim- 8m\2m* ¢32

ited by space charge effects in the bulk of the polymer and xexp — 3hqF sin( BkgT)’ (12)
not by the charge injection from the contd¢At high fields,

however, the strong field dependence of the current togethé(}‘here

with its decreased temperature dependence both seem to ar- 4WW¢§2

gue in favor of the tunneling mod2f. B= " Faqh (13

The shortcomings of each of the models RS and FN
considered separately, are the following: At high electricFurther, this expression is only applicable if the following
fields, barrier lowering may be comparable to the barriercondition is satisfied:
height itself, and its neglect in tunneling considerations is 1 1
problematic. Also problematic are the assumptions of a tri- B<ﬁ_ —. (14
angular barrier and the existence of a continuum of unbound B 8
states into which carriers can tunnel. The application of theSubstituting Eq(13) in Eq. (14), we obtain an explicit rela-
RS concept suffers from the neglect of inelastic carrier scattionship(15) between temperature, applied electric field, and
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interface barrier height, for the threshold field that must be 6 T . . ok
applied, for tunneling to dominate thleV characteristics i g @)
5 \ H o}
f 312 Tunneling Ti Thermionic o
F> M ) (15) 4 0 emission 5 _
a7i(ps—KkgT)

The inequality(15) is not defined for¢pg=kgT, since
this would mean that there is no barrier. This is logical con-
sidering that the definition of tunneling demands that the
energy of the electrons must be smaller than the barrier

height, otherwise, foppg<<kgT, thermionic emission of elec- %, =0.015eV

—O— ¢, =0.050 eV |

Applied Electric Field (10°V/m)

trons across the barrier occurs. 0 | o » LB
In the low-temperature limit, for temperatures such that 0 100 200 300 400 500 600
keT<¢g, the denominator of inequalitfl5) may be con- Temperature (K)

sidered as independent ©f However, ad is increasedkgT
approachespg, and the required field becomes very high
and then tends to infinity. For two different barrieds;

< d¢g,, it can occur, for example, that febg; no more tun-
neling is possible, but fotg, it can still be observed.

The fact that there is no single valued energy for all
electrons in a material, but rather distributed energy values
about the average enerdgygT according to the Maxwell—
Boltzmann statistics, indicates that a portion exp(kgT) of
the electrons will have energies values larger tBarWwhen
this portion has crossed over the barrier, we cannot distin-
guish them from those that have tunneled. Another difficulty
arises from the fact that there might be no single valued
barrier height, but a distribution arounf} , due to the fuzzi- : :
ness in the energy of the polymer band edges caused by 1/F (arb. units)
disorder?® In addition, the evaporated electrodes are not ex-
pected to have precisely known values of the work functiongg. 7. (a) Theoretical curveginequality (16)] showing the boundary be-
due to their amorphous structure. The above implies thadveen thermionic emission and field emission characteristics for different

analysis of either tunneling or thermionic emission makednterface barriersgg,=0.015 eV; ¢g,=0.05 eV. The shaded area corre-
real sense away from the transition region sponds to field and temperature combinations described by field emission

. y gion. . . (tunneling. Outside this area, thermionic emission describes the charge in-
The inequality(15) has been evaluated for different in- jection. The dotted line indicates the temperature at whigh= ¢, . (b)

terface barrierspg (in eV), wherem=9.11x 103 kg, kg The superposition of contributions of thermiordig(F) (open squargsand

=8.62x10"° eV/K, T is the absolute temperaturgs 1.60 tunnelingJy,(F) (open circlegin total current density(F) (closed circles

><10—19 C, h=6.64x 10—34 Js. The result of this evaluation !n the thermionic term, the potential barrier is considered as field-

for interface barriers ranging from 0.015 and 0.05 eV isdependem'

shown in Fig. Ta), which shows plots of the minimum elec-

tric field F, which must be applied to a metal/semiconductor

polymer/metal device, in order for charge carriers to be in- If the applied field is smaller thak,, the injection is

jected across the barrier through quantum mechanical tunnefominated by thermionic emission, otherwise it is dominated

ing, as a function of temperature. by tunneling, provided the temperature is well below the
At the field F, tunneling balances thermionic emission, critical value determined by the conditidgT=¢g. If T

i.e., for any particular interface potential barri¢g, at a increases, a relatively higher field is required for tunneling to

given temperatur@, it is necessary to apply an electric field balance thermionic emission. Tfis such thakgT is smaller

F, so that the number of electrons injected from the metabut comparable t@g, it becomes important to consider the

into the semiconducting polymer through quantum mechanidistribution of energies of charge carriers abkgit (as men-

cal tunneling becomes equal to that due to thermionic emistioned abovg and the thermionic emission will dominate.

sion. As kgT approaches t@g, the electric fieldF, tends to in-
The vertical dotted line indicates the valueTo$uch that  finity, therefore, the definition of tunneling ceases to make

ksT= ¢g1, i.€., the temperature at which the average energgense.

of the charge carriers becomes equal to the potential barrier The above can be summarized as follows: For an inter-

height. The region to the left of this line indicates the tem-face barrier¢g, any combination oF>F, and T such that

peratures at whickgT< ¢pg;. Charge carriers with such en- kgT<¢g, tunneling dominates the injection at the electrode/

ergies can only be injected into the semiconductor by quanmetal interfacegshaded region Outside this region, thermi-

tum mechanical tunneling. The curve approaches thenic emission dominates. Below and on the right hand side

indicated vertical line asymptotically. of the F, curve, theJ-V characteristics should be indepen-

—0—J, (F)=constant
—0—J, (F)=F°exp(-«/F°)
—o— J(F)=J, (F}J (F)

In(J/F?) (arb. units)
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25 . - . FIG. 9. Field at minima of Fowler—Nordheim plots as a function of tem-
®) T:&ﬁ perature for ITO/P3HT/Al under reverse bias. The dashed line is a guide for
26+ . the eye.
Eﬁg*///*
|
« o | . . -
“‘s x ] preciable and dominates thkV characteristics thereafter.
< O//O - The overall behavior is schematically represented in Fig.
— i | D 7(b), where the superposition of contributions of both effects,
N o0 "] . L . . L
(I8 " /*ﬂ/@ thermionic Jy,(F) and tunnelingd,(F), results in a mini-
= |__—— X mum. Note that in the thermionic term the potential barrier is
B i 8;84 = | | considered as field-independent.
il T=100K, step 20K At low temperatures, a relatively low electric field
strength is required, in order to inject an appreciable number

of holes by tunneling, for their density to become compa-
rable to that of those that are injected thermionically. The
minimum of the FN plot will shift towards higher applied
field strengthto the left in Figs. 5, #), and §a)] with an
increase in temperature. The electric field at which the mini-
mum of the FN curves is observed has been obtained from
Fig. 5(a) and plotted against temperature, as shown in Fig. 9.

dent of tunneling, and the rate of change of the current WithTheIftrtehndtconfornls o .'niqur?“mS)' h. the t i .
applied field is reduced. We should, therefore, expect the © femperature 1s hign enougn, the WNneing regime

bulk properties of the polymer to take over the current "mi_vTv;:leg(-)\t/bbeer?:e'gr”k])etzgml:e,\sl Egjleetelzr%g.e??t’ :—eéﬁgg I<e]ﬁdent
tation, since the electrons do not “see” a barrier. Dependin Vi y perature indep :

g .
- : . . “As T increases beyonlgT= ¢g, the J-V curves become
on the mobility of the electrons in the polymer, either ohmlcbunched togethefsee Fig. 3.

havior or harge limitation will rved. o
behavior or space charge tatio be observed We may conclude that for any description of thev

characteristics as contact limited, or bulk limited, it is essen-
tial to specify the interface potential barrier, temperature, and
It has frequently been indicated that the deviation of theapplied electric field ranges where such limitation would be
FN plot from straight lines at low electrical fields might be valid.
due to the contribution of thermionic emission, so most au-
thors truncate their FN curves when the slight curvatur
starts to appedf;2%2834n order to analyze only the straight ‘IV. CONCLUSIONS
line regime, estimate the slope and, hence, the barrier height. We have shown that the current in ITO/P3HT/Al devices
In Fig. 8, we show complete FN curves obtained for ouris limited by hole injection at the AI/P3HT contact when the
devices undefa) forward and(b) reverse bias, in the tem- device is reverse biased. The current becomes space charge
perature range 100 to 360 K. Similar shape of curves waBmited at high voltages when tunneling contributes signifi-
obtained also by Kiyet al3® for electron tunneling from a cantly to the charge injection. The electric field at which the
magnesium contact into Alq As discussed in Sec. Il C, the transition from contact limited to space charge limited cur-
slopes are different, yielding a larger barrier for the holerent takes place increases with temperature. If the current
injection through the AI/P3HT interface. The complete plotthrough the device is contact limited, the field of transition
indicates a straight line at high field strength, which curvesfrom thermionic emission to field emission increases with
reaches a minimum, and then gradually increases for loweemperature, tending to infinity when the charge carrier en-
applied fields. The contribution of field emission decreasesergy is comparable to the interface barrier height. In forward
and the contribution from thermionic emission becomes apbias, the ITO/P3HT interface supplies a high amount of

0 1x10° 2x10° 3x10° 4x10°

1/F (cmV)

FIG. 8. Fowler—Nordheim plots for the tunneling of holes from Al into
P3HT and(b) from ITO into P3HT for an ITO/P3HT/Al device in the
temperature range 100-360 K.

2. Comparison with experiment
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