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The current-voltage characteristics of paliglkoxy p-phenylene vinylenebased hole-only devices are
measured as a function of temperature. The hole current is space-charge limited, which provides a direct
measurement of the hole mobility, as a function of electric fieldE and temperature. The hole mobility
exhibits a field dependence,dgocJJE2 as has also been observed from time-of-flight experiments in many
molecularly doped polymers and amorphous glasses. For the zero-field hole mobility an activation energy of
0.48 eV is obtained. The combination of a field-dependent mobility and space-charge effects provides a
consistent description of the hole conduction in conjugated polymer films as a function of voltage, temperature,
and layer thicknes§S0163-18207)51602-X]

The combination of easy processing and electronic func- The devices under investigation consist of a single poly-
tionability makes conjugated polymers suitable candidateser layer which is sandwiched between two electrodes on
for large-area applications. After the discovery of electrolu-top of a glass substrate. The polymer is a soluble (pidly
minescence in polparaphenylene vinylengPPV), investi-  alkoxy p-phenylene vinyleng® (shown in the inset of Fig.)1
gations have especially been focused on this class dnd is spin coated on top of a patterned indium-tin-oxide
materials-?> Temperature-dependent current density-voltageITO) bottom electrode which is used as a hole injector. As a
(J-V) measurements on PPV thin films revealed a thermallyop electrode an evaporated Au contact is used. In such a
activated behavior at low voltag@sThe absence of this be- hole-only device the work functions of both the electrodes
havior at higher voltages was attributed to field emissionare close to the valence band of the conjugated polymer pre-
(Fowler-Nordheim tunnelingat the contact3? However, venting electron injection from the negatively biased elec-
the theoretical Fowler-Nordheim expression was not able terode. TheJ-V measurements are performed in a nitrogen
guantitatively account for the experimentkV characteris- atmosphere in a temperature range of 200—-300 K. The de-
tics. The large deviations were tentatively attributed to thertection limit of our setup is several pA, which corresponds to
mionic emissiorT, space-charge effectsand band-bending ~10"% A/m? for our electrode area of I8 m?2. In Fig. 1
effects! Recently, we have demonstrated that at low electriche experimental-V characteristics of hole-only devices at
fields and at room temperature the conduction of holes iIT=307 K with thickness of the PPV filmL=125 nm and
PPV devices is limited by space-charge effects in the bulk of =345 nm are shown. The SCLC curr&nt
the polymer and not by the charge injection from the
contac At high electric fields, however, the strong field

dependence of the current together with its decreased tem- 102
perature dependence both seem to argue in favor of the tun- ]
neling model. Thus a consistent model describing both the 10! 4

low- and high-field regime of th&-V characteristics of holes

in PPV as well as their temperature dependence has not been
provided so far. Since the current in a polymer light-emitting
diode(LED) is in many cases dominated by hofete avail-
ability of such a description is indispensable for a further 1028,

L=125 nm '._.-

P
£
<
3

L=345 nm

development of polymer LEDs. 1ok \ ]
In the present study we investigate th&/ characteristics F R0 n
of holes in PPV at various temperatures. The observation of 10-‘;)1 . g 10

space-charge limited current enables us to obtain the charge-
carrier mobility directly from thel-V characteristics in both

the 'F’W‘ and high-fielt_j regime. We demonstrate that t,he ho'_e FIG. 1. Current densityd versus voltageV of ITO/PPV/Au

mobility can be descrlbed by 'a fleld—depend'ent behavior as If’?ole-only devices with thicknessks=125 nm(circles and 345 nm
also observed from time-of-flighif OF) experiments on Mo-  (squares measured at temperatufe=307 K. The calculated-V

lecularly doped polymer$Using this field-dependent carrier characteristics according to the conventional SCLC mpael (1)]

mobility in a space-charge limited conducti®®CLC) model  are shown as dashed lines using a hole mobility=5x10"1*
we are now able to describe tleV characteristics of holes m2/vs and a dielectric constaat=3. The solid lines represent the

in PPV, together with the corresponding electric field andpredictions from a SCLC model including the field-dependent mo-
carrier distributions as a function of position in polymer bility of Eq. (2). The inset shows the PPV used in this study with
films. R;=CHj3 and R.=C;¢H ;.
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with = €€, the permittivity of the polymer angt,, the hole 10°

mobility, provides a good description of tdeV characteris- 10" r

tics at low voltage using:,=5x10 ' m?Vs ande, = 3. € 102f
At higher voltages it is observed that the current density < | of .- 3

J is larger than expected from E€). First of all, it should na

be mentioned that this deviation cannot be due to the pres- 10 e 3

ence of traps or to charge injection at the contact, because 108 3

then Eq.(1) would not apply for low voltage eithéf. A 108k SN ]

voltage dependence of the thickneds can also be o1 V:V) 10

excluded? In fact, since SCLC depends only on the bulk-
material parameters, a field dependence of the mobility is the

most likely explanation. In this case, E€L) is no longer FIG. 2. Current density versus voltagé/ of an ITO/PPV/Au

. L . hole-only device with thicknesk=125 nm for various tempera-
applicable and deviations from the quadrali¥/ character- tures. At low fields the predicted-V characteristics according to

istics are to be expected. the conventional SCLC modgEq. (1)] are shown as dotted lines.

. _The (_:ano_nlcal technique for measuring charge-carrier MOthe calculated-V characteristics as predicted by a SCLC model
bilities in dlsord_ered systems such_ as molecularly d_opeqlsing the field-dependent mobility given by Eq8) and (6) are
polymers, organic glasses, and conjugated polymers is th§otted as solid lines.
time-of-flight (TOF) experiment. However, due to the highly
dispersive transient photocurrent traces, the determination %fcteristics are compared with our calculations usjrg5.4
I<:harfge|;}|carrier moltl)ilities is g{ten very c%rgiplicated anccij at><10*4 (m/V) Y2 for both L = 125 andL = 345 nm. The cdm-
ow fields practically impossible. In 1970 emonstrate L ' " '
that at high electric fieldE the mobility of photoinjected bination of the field-dependent mobility and space-charge

: ; : effects provides a consistent description for the voltage and
holes in polylN-vinylcarbazolg (PVK) can be described by thickness dependence of the current in our hole-only devices
pp(E)=pp(0)exp yVE), 2)

at room temperature. This demonstrates that the mol¢fjty

is indeed applicable to hole conduction in our PPV.
where u,(0) denotes the mobility at zero field. The field In Fig. 2 the experimental-V characteristics of a hole-
dependencé2) through the coefficienty is comparable to only device withL=125 nm are plotted for temperatures
the Poole-Frenkel effe¢f However, it was soon recognized betweenT=209 K andT=296 K. TheJ-V behavior from
that the physical origin of Eq(2) — which appears to be Eq. (1) is also plotted at low fields. The zero-field hole mo-
applicable to a variety of molecularly doped polymers asbility is shown in Fig. 3 in an Arrhenius plot. It decreases
well as molecular glasses — is not the presence of tfaps, over more than 3 orders of magnitude while going from
but is related to the intrinsic charge transport of disordered =296 K to 209 K. We observe a thermally activated be-
materials. Recently TOF measurements on a substituted daavior according to
rivative poly(1,4-phenylene-1,2,diphenoxyphenyl vinyléne
(DPOP-PPY of PPVE® also provided mobilities in agree- A
ment with Eq.(2). This supports our assumption that the w (O)ZMOEXF{ — _) (5)
deviations from Eq(1) are due to a field-dependent mobility. P kgT

In order to describe the hole conduction in PPV at both

low and high fields, we combine the SCLC with the field-

dependent mobility2). The J-V characteristics of a hole- 107 oo T T T T
only device are now modeled by the following equatidhs:
-11 | 4
J=p(x)eupl E(X)]E(X), 3 "
2
€ dE(x) e qo2b 4
s dx P, 4 s
w
with p(x) the density of holes at position Assuming ohmic £ ygrel i
contacts, we have the boundary condifi@{0)=N,, with
the effective density of states in the valence band estimated

asN,=2.5x10' cm 3. Equationg3) and(4) can be solved oM — v 5 v 5
numerically for a given currenl. The voltage is given by ' ' 1000& ) ' '
V=[E(x)dx. As stated above, at low voltages tdeV

characteristics of the holes are well described by the conven- £, 3. Arrhenius plot of the zero-field mobility,(0) versus
tional SCLC of Eq.(1). This provides a direct measurement temperaturel. The mobility is obtained from the low-field part of
of the zero-field mobilityu,(0)=5X10" Y m2/Vs. In order  the experimentall-V characteristics of Fig. 2 using E¢l). The
to calculate the current at higher voltages we only need t@olid line is according to Eq(5), with activation energyA =0.48
determine the coefficient. In Fig. 1 the measured-V char- eV and prefactop,=3.5x10 3 m?/Vs.
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FIG. 5. Calculated distribution of the electric fieldas a func-
tion of position x in a hole-only device biasedt& V and at
T=2307 K. The solid line gives the distribution for a field dependent
mobility (2) with a coefficienty=5.4x10"* (m/V)¥2 For com-
parison the field distributiorE(x) = (2Jx/eu,)*? for a constant
mobility (y=0) is shown(dotted ling. The injecting anode is lo-
cated atx=0 and the sample thicknets=125 nm.
with activation energy A=0.48 eV and prefactor
1o=3.510"% m?/Vs. Such a behavior has also been ob-

served in 6m0|ecu|ar|y doped polyméfé'® and in bility on the electric field and charge distributions in the PPV
DPOP-PPV: . layer. For the conventional SCL®Ref. 11 with a constant
Let us now discuss the temperature dependence of theopility, the electric field varies with position as

hole conduction at higher voltages. We again assume that tk@(x): J23xlem,, and the hole concentration as(x)
deviations from Eq(1) are due to the mobility2). From the ., 12 i e 5pcompares the electric field for conventional

experimental data in Fig. 2 and on the basis of EQ_}S"M) SCLC with the case of the field-dependent mobili#y, for
we extracty for our PPV at each temperature. In Figy4S  y,—5 v/ and L=125 nm. The carrier distribution directly

plotted against T7. The experimental results show that theres,iows from the electric field through Eq&3) and (4). The

is a linear dependence, according to injected carriers which are located close to the injecting con-
) tact will have a low mobility due to the small field in that

FIG. 4. The coefficienty (which described the field dependence
of the mobility) as a function of temperatufe. The solid squares
are obtained from the high-field-V characteristics of Fig. 2. The
solid line is according to Eq(6), using T,=600 K andB=2.9
X107 eV(m/V) 2. This empirical dependence gfon T has origi-
nally been proposed by Gill for PVK.

We now discuss the influence of the field-dependent mo-

B 1 1
7Pl keT  kaTo

(6) region. The charge carriers in the high-field region close to
the collecting contact on the other hand experience a field-
enhanced mobility. However, the current through the layer is

with B=2.9x10"° eV(m/V) 2 and T;=600 K. The empiri-  independent of position. Therefore, the mobility differences

cal temperature dependence pfaccording to Eq(6) was  are compensated by increasing the electric field for the low-
originally proposed by Gilf' from TOF experiments on mo- mobility carriers at the injecting contact and decreasing the
lecularly doped PVK. For this material, it was found that field for the high-mobility carriers at the collecting contact.

B~2.7x10"° eV(m/V)*? and T,~520-660 K. This re- Note that the exact form of the field distribution is strongly

markable agreement demonstrates that our method of detetependent on the parameters used in(Zpand, in contrast

mining the carrier mobility directly from thd-V measure- to the conventional trap-free SCLC, that it is also a function
ments is able to yield equivalent information on the mobility of temperature by means of the coefficignt

as obtained by TOF experiments. The field and temperature dependence of the hole mobil-

The set of experimental-V characteristics as a function ity given by Egs.(2), (5), and(6) appear to be generic for a
of temperature can now be described by E@$-(6) using large class of disordered materials. The variations in the pa-
the following parameters:A=0.48 eV, B=2.9x10 ° rametersA, B, and T, describing this universal behavior is
eV(m/V) Y2, Ty=600 K, anduy=3.5x10"3 m?/Vs. In Fig.  less than a factor of twd’ This suggests that the conduction

2, it is demonstrated that this model provides an excelleninechanisms in conjugated polymers are similar to molecu-

description of the experimentdtV curves in both the low- larly doped systems, where highly localized charge carriers

and high-voltage regime. In particular, the high-voltage be-are transported by thermally assisted intermolecular hopping.
havior, which has not been quantitatively described so far, i$ndeed, one may assume that due to disorder in conjugated
consistently modeled, using only two paramet®randTy.  polymer films in the form of kinks, cross-links, and impuri-

The decrease of the total activation energy with increasingies, the conduction depends critically on hopping between

voltage is a direct result of the field enhanced carrier mobil-conjugated parts of the polymer chain. It will be of interest to

ity and is not due to field emission at the contact as sugtest this assumption by studying conduction in more ordered
gested beford? Furthermore, we have confirmed that our films or in polymers with different side chains.

SCLC model with a field-dependent mobility correctly ac- A microscopic theory for the observed mobility is still

counts for the thickness dependence of the experimdntal lacking. Monte Carlo simulations of hopping between sites

V characteristics as shown in Fig. 1. that are subject to both positional and energetic disorder
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only agree with Eqs(2), (5), and (6) over a limited field charge effects. The mobility which is directly obtained from

range'’ Recently, it has been demonstrated that taking intdhe J-V experiments is constant at low fields and exhibits a

account spatial correlations in the energetic disorder imhigh-field dependence similar to the mobility of molecularly

proves agreement with experiméfitA theoretical explana- doped polymers and organic glasses as observed in TOF ex-

tion for the mobility(2), (5), and(6) — which appears to be periments. The occurrence of a field-dependent mobility

Va”d for a |arge CIaSS of disordered materia's — is h|gh|y|eads to an enhancement of the electric field close to the

wanted, since it would clarify the physical meaning of the!NJ€cting contact.

invoked parameters. _ We would like to thank the European Commmission
In conclusion, we have demonstrated that the conductiopBRITE-EURAM Contract “POLYLED” BRE2-CT93-

of holes in a film of the conjugated polymer PPV is governed0g592 and ESPRIT Contract “LEDFOS” 8013or financial

by a combination of a field-dependent mobility and spacesupport.
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