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Controlled p-type doping of polycrystalline and amorphous organic layers: Self-consistent
description of conductivity and field-effect mobility by a microscopic percolation model
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We present a systematic study onp-type doping of zinc-phthalocyanine by tetrafluoro-tetracyano-
quinodimethane as an example of controlled doping of thin organic films by cosublimation of matrix and
dopant. The zinc-phthalocyanine layers are prepared both in polycrystalline and amorphous phase by variation
of the sublimation conditions. The films are electrically characterizedin situ by temperature dependent con-
ductivity and Seebeck and field-effect measurements. In addition to previous work, we show that also amor-
phous phthalocyanine layers can be doped, i.e., their conductivity increases and their Seebeck coefficient
decreases indicating a shift of the Fermi level towards the hole transport level. The field-effect mobility of the
polycrystalline samples is in the range of 1024–1023 cm22/Vs and increases with increasing dopant concen-
tration. Adapting a percolation model presented by Vissenberg and Matters@Phys. Rev. B,57, 12 964~1998!#,
which assumes hopping transport within a distribution of localized states, we can quantitatively describe the
conductivity ~in different organic layers! and the field-effect mobility.
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I. INTRODUCTION

Thin films of organic dyes with conjugatedp-electron
systems are widely investigated for use in electronic and
toelectronic devices like organic light emitting diodes, fie

effect transistors and solar cells.1–7 Although it is known for
a long time that the conductivity of organic layers can
enhanced remarkably by coevaporation with strong orga
p-electron donors or acceptors,8–10 organic devices are usu
ally prepared in a nominally undoped form. However, t
electrical properties of undoped layers are governed by
known impurities or by gases such as oxygen.7,11,12 Schön
et al. presented the doping of pentacene a
a-hexathiophene single crystals with iodine reaching a c
ductivity up to 1023 S/cm.13 The history of silicon technol-
ogy showed that controlled doping is necessary for the r
ization of effective, stable and reproducible devices: T
breakthrough of classical microelectronics became poss
due to the preparation of materials with high purity and co
trolled doping levels. Recently, we also showed that
properties oforganic devices such as light emitting diode
~OLED’s! and organic solar cells are strongly improved
controlled doping.14–16

Organic dye layers are typically prepared by vapor de
sition in high vacuum or spin coating from solution and ha
a polycrystalline or amorphous morphology. Amorphous m
terials are in particular popular for OLED’s, mainly becau
they form smooth layers and do not degrade by crystall
tion ~if the glass transition temperature is high enoug!.
However, only a few attempts are reported to dope am
phous layers by coevaporation.14,16 To our knowledge, no
results are reported about the dependence of the morpho
0163-1829/2001/64~19!/195208~9!/$20.00 64 1952
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of the matrix on the doping efficiency.
The doping process~in polycrystalline dyes! can largely

be described by the standard model used for crystalline
organic semiconductors.17,18 However, a proper thermody
namic description of the doping process is still a challen
In particularly, the strong superlinear increase of the cond
tivity with doping observed in some systems calls for
explanation.19 One problem for the description is the poly
crystalline morphology of the layers: It is not known wheth
the current flows primarily through the grains or along t
grain boundaries. Furthermore, it is not known whether
dopants are homogeneously distributed in the material o
they are diffused out of the grains and concentrate at
grain surfaces. In this respect, amorphous materials are m
simple model systems.

Here, we report on our investigation on the semicondu
ing behavior of polycrystalline and amorphous vacuum
posited layers, intentionallyp doped with a strong accepto
molecule. We chose zinc-phthalocyanine~ZnPc! as a model
matrix material and tetrafluoro-tetracyano-quinodimetha
(F4-TCNQ) as dopant because the doping process is q
efficient for these two materials.19 Polycrystalline and amor-
phous ZnPc films were prepared by variation of the subst
temperature during layer growth. The films are electrica
characterized by temperature dependent measurements o
conductivity, the thermopower~Seebeck effect! and the field-
effect mobility. From the Seebeck coefficient, we can cal
late the hole densityp. In combination with the measure
conductivity s, we obtain the hole mobilitymh ~assuming
s5epmh). The field-effect measurements allow us direc
to determine the hole mobility and to compare the valu
The results formh obtained from the different measuremen
are largely consistent. We will show that a comprehens
©2001 The American Physical Society08-1
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description requires a percolation model both for polycr
talline and amorphous materials.

II. EXPERIMENT

ZnPc was delivered by Syntec GmbH~Wolfen, Germany!.
The material was purified by vacuum gradient sublimati
F4-TCNQ was used as provided by Aldrich. The samp
were prepared in a high vacuum chamber (431024 Pa).
The matrix and the dopant were coevaporated from grap
and ceramic crucibles, respectively, using 1.63 g/cm3 as
density of ZnPc. For the conductivity and Seebec
measurements, the films were grown onto precleaned fu
silica substrates. The morphology of the films depended
the temperature of the substrates, as known for CuPc:20 A
polycrystalline film (a-phase! grew when the substrate wa
held at room temperature~RT samples! and an almost amor
phous film when the substrate was cooled down to at le
2100 °C~LT samples!. We found this behavior for differen
substrate materials such as silica, KBr, and carbon foil. T
amorphous phase was stable up to 50 °C.

The morphology of ZnPc was analyzed by electron d
fraction using a transmission electron microscope Phi
CM200 LaB6. Here, Cu-grids coated with a carbon fo
~Plano W. Plannet GmbH, S160-3! were used as substra
and the ZnPc layers were 50 nm thick. For the conductiv
and Seebeck measurements, the fused silica substrates
already equipped with two vapor-deposited gold conta
with a distance of 2 mm. Here, the thickness of the Zn
layers was 30 nm. The samples show linear current-volt
characteristics. Due to the high resistance of the organic
ers, the electrical properties are determined by the bulk
terial and not by the contacts. The conductivity and Seeb
coefficient were recorded with a source measure unit~Kei-
thley SMU236!. The polycrystalline samples were anneal
in vacuum at 70 °C for 30 min and the amorphous sample
50 °C for 30 min before the measurements. Details of
sample preparation and the conductivity and Seebe
measurements are described in Ref. 14.

The field-effect mobility was determined with thin film
transistors~Fig. 1!. We used two types of samples. The fir
one ~type I! consists of a silicon oxide insulating layer~50
nm thick! thermally grown on a highly dopedn-type silicon
wafer. Onto the oxide layer, the source and drain gold e
trodes~25 nm thick! were deposited with a channel leng

FIG. 1. Schematic view of a thin film transistor~TFT!: The
channel lengthL is 300 mm, the thickness and the capacitanceCi

of the insulating layer, respectively are 50 nm and 60nF/cm2 for
SiO2 and 1mm and 1nF/cm2 for Benzo Cyclo Butene.
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and width of 300mm and 8 mm, respectively. Finally, th
ZnPc layer~30 nm thick! was deposited. The second type
samples ~type II! is based on a commercially availab
indium-tin-oxide-layer~ITO! on a glass substrate. The ins
lating polymer BCB~Benzo Cyclo Butene, Cyclotene 302
DOW Chemical Company! was deposited by spin coating
The thickness of the polymer is about 1mm and the resis-
tivity around 1016 V cm. Then, the gold electrodes and th
ZnPc layer were deposited in the same way. Current volt
characteristics were obtained with the source measure
to apply the gate voltage, we used an electrometer~Keithley,
617 Programmable Electrometer!. All electrical measure-
ments presented here were carried outin situ.

III. RESULTS AND DISCUSSION

A. Structural characterization

Two types of ZnPc samples were prepared: The ro
temperature~RT! sample was prepared while the substra
was held at room temperature (25 °C). The low temperat
~LT! sample was prepared while the substrate was coole
2150 °C. The differentiated diffraction patterns of the R
and LT samples are shown in Fig. 2. The RT sample sho
sharp Debye Scherrer rings and some discrete diffrac
spots due to the polycrystalline morphology of the phta
cyanine@Fig. 2~a!#. The rings correspond to the~200!, ~40-
2!, and ~31-2! lattice planes. These planes represent latt
spacings of 1.26, 0.58, and 0.35 nm of the low temperat
a-phase crystalline modification of ZnPc. The crystalline d
mains have an average size of about 20–30 nm. In the
fraction pattern of the LT sample, the Debye-Scherrer rin
are missing. Only amorphous halos corresponding to 1
0.58, and 0.35 nm can be observed. The amorphous pha
stable up to a temperature of 50 °C. Above this value,
films recrystallize (a phase!.

The absorption spectra of the RT and LT samples
shown in Fig. 3. Absorption spectra of ZnPc in solutio
shows only one peak at 679 nm in the depicted ene
range.19,21 In the solid state, this electronic excitation spli
up in two parts because of the molecular interactions~see
Ref. 22!. The positions of the peaks are 625 and 710 nm

FIG. 2. Differentiated diffraction images of two ZnPc layers~50
nm thick! on a carbon foil: The layers were prepared at a subst
temperature of~a! 25 °C and~b! 2150 °C. The original~not differ-
entiated! diffraction images are hard to analyze because of the v
low intensity. The numbers in~a! declare the distance in nm of th
corresponding crystallographic planes.
8-2
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CONTROLLED p-TYPE DOPING OF POLYCRYSTALLINE . . . PHYSICAL REVIEW B 64 195208
the RT sample and 635 and 688 nm for the LT sample,
spectively. The separation of the peaks is smaller for
amorphous than for the polycrystalline phase. This is
strong hint at a lower interaction of the molecules of the
sample, which fits well with the lower degree of order.

B. Conductivity and Seebeck coefficient

The conductivity of undoped ZnPc is below 10210 S/cm.
The conductivitys versus the reciprocal temperature for t
doped samples grown at different substrate temperatur
plotted in Fig. 4~a!. The molar dopant concentration is 1 %
both samples. At room temperature, the conductivity is
orders of magnitude higher than in the undoped samples.
conductivity shows a thermally activated behavior in t
measured temperature range. For the RT sample the ac
tion energy isEact50.18 eV. In comparison, the activatio
energy isEact50.24 eV for a molar dopant concentration
0.2 %, i.e., the activation energy slightly decreases with
creasing dopant concentration. For the LT sample the act
tion energy is 0.23 eV. Again, the activation energy is high
for a molar dopant concentration of 0.2 %~0.29 eV!.

Figure 4~b! shows the conductivity vs the molar dopin
ratio. Surprisingly, the conductivity increases strongly sup
linearly with the concentration of F4-TCNQ for both types of
samples. Generally, the conductivity of the LT samples
about one order of magnitude lower compared to the
samples. The conductivity of the RT sample with the low
molar doping ratio~0.063 %! is smaller than one would ex
pect from the curve of the other samples. For a molar dop
concentration of 0.033 %, we were not even able to mea
any current (s,10210 S/cm). This is a strong hint at th
influence of impurities in the matrix: The charge carriers
trapped in the impurity states and the conductivity is sign
cantly lowered as long as the density of traps is in the sa
order or even higher as the density of dopants. This ef
can be neglected if the doping concentration is much hig
than the trap density.

FIG. 3. Absorption spectra of ZnPc layers~50 nm thick!: The
RT sample was prepared at 25 °C substrate temperature and th
sample at2150 °C substrate temperature. The dotted spectra sh
schematically the absorption of ZnPc dissolved in 1-chlo
naphthaline.
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The Seebeck coefficientS is defined as

S~T!5 lim
DT→0

U12~T,DT!

DT
, ~1!

whereT is the absolute temperature,U12 the thermovoltage
between the contacts 1 and 2 andDT the temperature differ-
ence between the contacts 2 and 1. For a first analysis
use the standard model of only one relevant transport le
We will later see that this standard model cannot comple
explain our measurements. For unipolar charge carrier tra
port at one transport level Em , S is given by23

S~T!5
EF~T!2Em

eT
. ~2!

Equation~2! shows that the Seebeck coefficientS reveals the
transport type (n or p! from its sign and the energetic differ
ence between the Fermi levelEF and the relevant transpor
level Em from its value. It is important to mention that Eq
~2! holds regardless of the details of the transport mec

LT
s

-

FIG. 4. Conductivity of ZnPc layers~30 nm thick! doped with
F4-TCNQ: ~a! Arrhenius plot for a RT and LT sample with a mola
doping ratio of 1%; The insets show the structures of matrix~ZnPc!
and doping (F4-TCNQ! molecules.~b! Conductivity vs molar dop-
ing ratio for the RT and LT samples: The conductivity of the L
samples is about one order of magnitude lower compared to the
samples.
8-3
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MAENNIG, PFEIFFER, NOLLAU, ZHOU, LEO, AND SIMON PHYSICAL REVIEW B64 195208
nism. For instance, it applies to band transport~as long as the
band width is small compared tokT), and to hopping
transport.23

All Seebeck coefficientsS we measure are positive@Fig.
5~a!#. This means that the conduction is due to holes mov
in the valence states of the matrix molecules and not b
hopping of electrons between acceptor states. With incr
ing doping, the value of the coefficient gets smaller, i.e.,
difference between the transport level and the Fermi le
becomes smaller. If we assume that the transport levels
at the same energy, the behavior seems to follow the si
tion in inorganic semiconductors: With increasing dopin
the Fermi levelEF shifts towards the transport levelEm . The
Seebeck coefficientS of the LT samples is about 0.2–0.
mV/K higher than for the RT samples. For all samples,S is
basically temperature independent@see inset of Fig. 5~a!#.

FIG. 5. ~a! Seebeck coefficientSvs molar doping ratio for ZnPc
layers ~30 nm thick! doped with F4-TCNQ: The values of the LT
samples are about 0.2–0.3 mV/K higher than for the RT samp
The inset shows the Seebeck coefficient vs temperature for a
and LT sample with a molar doping ratio of 2% and a 400 nm th
LT sample with a molar doping ratio of 1.2%. Here, the sligh
increase ofSwith 1/T for the thin LT sample~open circle! is due to
problems of the measurement because of the low current in the
film. For the thicker layer~open triangle! Sstays constant.~b! Hole
density vs molar doping ratio.
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For the further evaluation of the Seebeck measureme
we assume that the effective density of statesNm at the trans-
port levelEm is comparable to the density of moleculesNm .
This is equivalent to the assumption that every molecule c
tributes one transport state. Fora-ZnPc, the density of mol-
ecules is aboutNm51.731021 cm23. The density of~free!
holesp in the transport state is then given by

p5Nm expS 2
EF~T!2Em

kBT D5Nm expS 2
eS

kB
D ~3!

with kB as the Boltzmann constant. We can use here
Maxwell-Boltzmann approximation sinceEF2Em@kBT.
Note that the effective density of statesNm is not known in
our materials and that for a comprehensive understandin
the measurements one has to go beyond the assumptio
only one relevant transport level~see percolation model!.
Therefore the values of the hole density determined this w
from the Seebeck coefficient are an upper limit because
effective density of states will always be lower than the de
sity of molecules (Nm<Nm). The combination of the See
beck measurements with the conductivity results then allo
us to deduce the hole mobility by applying the equation

s5epmh . ~4!

The obtained hole density range from 1015 to 1019 cm23

@Fig. 5~b!#. They show the same characteristic behavior up
doping as the conductivity: The hole density increas
strongly superlinearly with the concentration of F4-TCNQ
and the values for the LT samples are about one orde
magnitude lower than for the RT samples. As a result,
hole mobility is independent of the doping density and h
the same value of about 531023 cm2/Vs at room tempera-
ture for the RT and LT samples. Altogether, we obtain qua
tatively the same behavior for the RT and the LT samp
upon doping. It is therefore very unlikely that the superline
increase of the conductivity with doping is caused by str
tural effects such as high conductance paths or an accu
lation of F4-TCNQ molecules at grain boundaries. Su
structural effects are not expected in an amorphous ph
Accordingly, they should be much more pronounced in
RT samples than in the LT samples which are largely am
phous.

The ~free! hole density appears to be temperature in
pendent because the Seebeck coefficient is temperature
pendent. To explain this temperature behavior in the stand
model, we would have to assume that the acceptors f
shallow states, i.e., all acceptors are ionized, and that th
are only shallow traps~or no traps!.19 In any other case,p
increases with temperature. However, in this situation
hole density and the conductivity should increase linea
with the doping density, which is in clear contradiction to o
measurements. To understand this phenomenon, we will
consider the evolution of the field-effect mobility upo
doping.
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C. Field effect

It is common to use the basic equations of the silico
based MISFET~metal-insulator-semiconductor field-effe
transistor! to describe the organic-based TFT~thin film tran-
sistor! although the device structure of the organic TFT
differs from that of the conventional MISFET’s.4,24,25 The
drain currentI D is then given by

I D5
Z

L
mFECiF ~VG2Vth!VD2

1

2
VD

2 G ~5!

for VD,VG2Vth . Here, Z is the width of the source an
drain electrodes,L is the channel length,mFE is the field-
effect mobility, Ci is the capacitance per unit area of t
insulating layer,VG and VD are the applied gate and dra
voltage, andVth is the threshold voltage. The field-effect m
bility is an effective mobility, which is related to the mobilit
mh of the holes by

mFE5mh

p

p1pt
~6!

in the standard model of only one relevant transport level
a p-type semiconductor. Here,p is the free hole density,pt
the density of trapped holes, andmh is the mobility of free
holes. The transfer characteristics of the thin film transisto
given in Fig. 6~a! for a RT sample. The drain current chang
between 700 and 950 nA by varying the gate voltage
tween110 and210 V. The output characteristics are com
pletely in the linear regime. The drain current can not
reduced to zero because the density of the induced ch
carriers (pind5CVG /e'1.231018 cm23 for VG510V) is
only in the order of 35 % of the hole density (p'3
31018 cm23) for a molar doping ratio of 0.7 %. Addition
ally, the depletion width (l dep'8 nm) is smaller than the
thickness of the ZnPc layer~30 nm! so that the layer can no
be completely depleted. We use 30 nm thick ZnPc lay
because films with a thickness of less than 20 nm do
form a compact layer. The doping ratio is indeed too high
produce a device with a high on/off ratio. However, our a
is not to obtain good FET characteristics, here, but to st
the effect of doping on the electrical properties of the orga
layers.

As the threshold voltageVth is unknown, the field-effect
mobility can be best calculated from the slope of the cur
in the transfer characteristics

dID

dVG
5

Z

L
mFECiVD . ~7!

For a drain voltage of 25 V, we obtain mFE57
31024 cm23 at 20 °C. This is a typical value for ZnPc an
other polycrystalline organic materials.20,26,27The values of
the field-effect mobility for the RT samples determined f
thin film transistors of type I and type II are given in Fi
6~b!. Up to now, we could not obtain FET data for the L
samples. For the thin film transistors of type I and type II,
values are in the same range with a deviation of 50 %, wh
is probably due to the different growth behavior of ZnPc
different substrates. The field-effect mobility increases w
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increasing dopant concentration. This effect can be explai
in the following way: The measured field-effect mobility
the mobility of the charge carriers additionally induced
the gate voltage. With increasing doping concentration,
traps in the material become gradually filled. As a result,
additionally induced charge carriers have a smaller proba
ity to be trapped. The effective mobility increases accord
to Eq. ~6! because the ratio ofp andpt increases.

The field-effect mobility shows a thermally activated b
havior with the same activation energy as the conductiv
This is a strong hint for shallow acceptor states, becaus
implies that the total hole densityp1pt5s/mFEe is tem-
perature independent. For comparison, the mobility deri
from the combination of the Seebeck and conductivity m
surements, which will be denoted as Seebeck-mobilitymSE
in the following, is also given in Fig. 6~b!. The Seebeck-
mobility seems to be independent of the doping concen
tion ~within the experimental error! and is about a factor of 5
higher than the field-effect mobility at high doping ratio
The Seebeck-mobility and the field-effect mobility are th
in the same order of magnitude. The assumption that
effective hole densityNm is equal to the density of molecule
appears therefore realistic. The Seebeck-mobility is equa
the mobility of free holes @Eq. ~6!# and therefore must be

FIG. 6. ~a! Transfer characteristic of a thin film transistor~type
I! using a 30 nm polycrystalline ZnPc layer as active semicondu
~doping ratio 0.7%!. ~b! Field-effect mobility and Seebeck-mobility
~definition see text! vs molar doping ratio: The field-effect mobility
increases with increasing dopant concentration and the Seeb
mobility seems to be independent of the doping concentra
~within the experimental error!.
8-5
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higher than the field-effect mobility. A comparison of Se
beck and field-effect mobility allows an estimate of the ho
trap densitypt : From Eq. ~6! we can estimatept5123
31019 cm23 for high doping concentrations.

D. Percolation model

With the standard semiconductor model used above,
can either explain the superlinear increase of the conduc
ity upon doping~by a partial trap filling! or the temperature
independence of the hole density~by shallow acceptors an
shallow traps!, but not both together. For a comprehens
understanding of the measurements, we have to go bey
the assumption of only one relevant transport level. In dis
dered organic materials, the polarization energy of a cha
carrier is different at different places. Therefore, it is mo
realistic to assume a distribution of localized states. The
tribution is typically a Gaussian for an amorphous mater
The charge transport is governed by hopping, for exam
thermally activated tunneling between the localized states
the tail of the Gaussian distribution and not by the activat
of carriers to a fixed transport level. In this model, a sup
linear increase of the conductivity upon doping is easy
explain: At higher dopant concentrations, more states wit
the distribution are filled with charge carriers~i.e., the Fermi
level is higher! and the transport takes place at higher ene
levels. Here, the concentration of states and consequentl
hopping rate for charge carriers is higher.

To determine the conductivity of such a system, one
use the percolation theory regarding the system as a ran
resistor network~network of Miller and Abrahams!.29,30 The
classical percolation problem considers the current fl
through ‘‘bonds’’ connecting ‘‘sites’’ in a network. The con
ductance between the sitesm andm8 is given by

Zmm8
21

5Z0
21exp~22auRW m2RW m8u!

3expS 2
uEm2EFu1uEm82EFu1uEm82Emu

2kT D . ~8!

Here,Z0
21 is a prefactor,a21 the Bohr radius of the local

ized wave functions, which are assumed to bes-like, RW m
denotes the position of themth site, andEm is the energy of
the charge carriers at sitem. The first part of Eq.~8! is a
tunneling term and the second a thermal activation te
~Boltzmann term!. For the calculation, the resistorsZmm8 are
all removed from the network and after that replaced one
one, the smallest first.29 The value ofZmm8 at which the first
infinite cluster occurs isZc , thethresholdor critical value.
This critical value determines the conductivity of the syste

s5s0Zc
21 . ~9!

Here, s0 is a prefactor. To describe our measurements,
adapt a model by Vissenberg and Matters, which origina
describes the field-effect mobility in amorphous orga
transistors.1 It assumes the following exponential density
localized states~for electrons in the conduction states!:
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g~E!5
Nt

kBT0
expS E

kBT0
D . ~10!

Here, Nt is the number of states per unit volume andT0
describes the width of the exponential distribution. Visse
berg and Matters point out that they do not expect the res
to be qualitatively different for a different choice ofg(E), as
long asg(E) increases strongly withE. Therefore, we can
use their results assuming that the transport takes place in
tail of a Gaussian distribution. Combining Eqs.~8!–~10!,
Vissenberg and Matters obtain the following equation for
conductivity:

s~d,T!5s0S pdNt~T0 /T!3

~2a!3BCG~12T0 /T!G~11T0 /T!
D T0 /T

.

~11!

Here, d is the fraction of occupied states, i.e.,dNt is the
density of charge carriers.BC is the critical number of bonds
per site (BC52.8 for a three-dimensional amorphous syste!
and G(z)5*0

`dy exp(2y)yz21. Equation ~11! is calculated
assuming~i! that the site positions are random~ii ! that hop-
ping takes place between tail states, i.e.,d and T are low
~especiallyT,T0), and ~iii ! that the energy barrier for the
critical hop is large@ ln(ZC /Z0)kBT@kBT0#. The latter criterion
means that the tunneling term@first term in Eq.~8!#, which
decreases drastically forE approachingEF , forces the sys-
tem to prefer hops far away fromEF . Equation~11! predicts
that the conductivity has an Arrhenius-like temperature
pendence in a wide temperature range and that the con
tivity increases superlinearly with the density of char
carriers.1

To describe the influence of doping, we first assume sh
low acceptors in our system, i.e., the acceptor states are
low the Fermi level. The termdNt is then equal to the dopan
densityNA and the model predicts a superlinear increase
the conductivity upon doping~asT,T0):

s;~NA!T0 /T. ~12!

Figure 7~a! shows the measured conductivity of the R
samples together with the theoretical curves calculated f
Eq. ~11!. The agreement is quite good. The fit paramet
s0 , a, andT0 are listed in Table I. Table I also shows the
parameters for the LT samples, for VOPc and for TDATA,
doped with F4-TCNQ. TDATA is known as a hole transpor
material for OLED’s.16 It forms amorphous layers deposite
by vacuum evaporation.28

In agreement with the results given in1 for pentacene and
PTV ~polythienylene vinylene!, the main difference betwee
the materials appears not ins0 or in the width of the expo-
nential distributionT0, but in the fit parametera. The value
of a increases from 0.37 Å21 for polycrystalline ZnPc up to
1.39 Å21 for TDATA. The activation energy of the conduc
tivity also increases in this order. As the value ofa21 is
<3 Å, i.e., smaller than the size of one molecule, one c
not interpreta21 simply as the Bohr radius, but as an ove
lap parameter determining the tunneling process.1 Note that
the conductivity data of one material at different doping le
8-6
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els can be modeled with the same values ofT0 anda. This
forms a strong indication that the molecular doping does
lead to changes in the layer structure and/or in the ene
distribution, i.e., the density of states. We investigated
influence of doping on the morphology for the system Zn
doped with F4-TCNQ by electron diffraction. Here, for dop
ing levels up to 5%, no indication for a new crystallograph
phase appears.19

Among the given materials, ZnPc can be doped best.
can explain this now in the following way: The higher valu
of a21 is due to a larger overlap of the wave function
Therefore, the tunneling process is easier and the condu

FIG. 7. ~a! Conductivity of the RT samples vs temperature. T
fit curves are according to Eqs.~11!, usings05123105 S/m, T0

5485 K anda50.37 Å21. ~b! Conductivity and field-effect mo-
bility of a RT sample~type I, doping ratio 0.7%! vs temperature.
The fit curves are according to Eqs.~11! and ~15!, using s058
3105 S/m, T05500 K, anda50.4 Å21.

TABLE I. Conductivity at 40 °C, activation energy of the con
ductivity ~dopant density 1% for both! and fit parameters0 , T0 and
a for polycrystalline ZnPc, amorphous ZnPc~both 30 nm thick
layers!, VOPc ~vanadylphthalocyanine, polycrystalline, 500 nm!
and TDATA (4,48, 49-tris~N,N-diphenylamino!-triphenylamine,
amorphous, 500 nm!. Here,s0 is a prefactor,T0 describes the width
of the exponential distribution of localized states anda is an over-
lap parameter determining the tunneling process.

Material s~S/cm!
Eact

~eV! s0(105S/m! T0 ~K! a(Å 21)

ZnPc ~RT! 5.831023 0.18 1263 485615 0.3760.01
ZnPc ~LT! 431024 0.23 1166 455615 0.6460.02
VOPc 2.331025 0.32 661 485615 1.0060.04
TDATA 5.931027 0.34 361 515615 1.3960.03
19520
t
y

e
c

e

.
iv-

ity higher. In the LT samples, the molecules are less orde
which results in a smaller overlap of the wavefunctions co
pared to the RT samples. For the different materials, the
tivation energy of the conductivity increases with decreas
a21. The reason for this is that for a lower value ofa21

tunneling over wide distances is very improbable, so that
charge transport can only take place in an energetic reg
where the density of states is high, i.e., far away fromEF .
Accordingly, the activation energy of the critical hop is hig
For each material, the activation energy of the conductiv
decreases with increasing dopant concentration which i
be expected according to Eq.~8! as doping shiftsEF closer
to an energetic region with high density of states.

We saw that we could describe the doping of several m
terials by F4-TCNQ quite self-consistently by assuming sha
low acceptors. Nevertheless, we want to see if an equ
good description is possible assuming that F4-TCNQ forms
deep acceptor states, i.e., states aboveEF the occupation of
which is thermally activated. For an exponential distributi
of states, a simple calculation using the neutrality equat
p5NA2 and Eq.~10! yields

p5dNt5~Nt!
T0 /(T01T)~NA!T/(T01T) expS 2EA

kB~T01T! D .

~13!

Here,NA andEA are the density and the LUMO energy lev
of the acceptor molecules, respectively. For the calculation
p(EF), the Fermi function was approximated by a step fun
tion. Combining Eqs.~11! and ~13!, we obtain for the con-
ductivity:

s~NA ,T!

5s0
S p~Nt!

T0 /(T01T)expS 2EA

kB~T01T! D ~T0 /T!3

~2a!3BCG~12T0 /T!G~11T0 /T!
D T0 /T

3~NA!T0 /(T01T). ~14!

Consequently, the conductivity should increase sublinea
upon doping in the case of deep acceptors. Therefore,
can distinguish between deep and shallow dopant state
looking at the behavior of the conductivity upon dopin
Within this percolation model, we can conclude th
F4-TCNQ forms shallow acceptor states in any of the ma
rials listed in Table I. At this point a remark should be ma
about the meaning of the termshallow acceptors in an ex
ponential distribution of localized states. In the model of
Vissenberg and Matters, a transport level can be define
the maximum of the differential conductivitys(E), i.e., the
main contribution to conductivity comes from the energe
region around this level. The acceptor molecules create e
states at a certain energy level. With increasing~or decreas-
ing! acceptor density the average transport level and
Fermi level shift due to the change in the hole concentrati
From our measurements, we can only conclude that the
ceptor states are below the Fermi level, i.e., they are oc
pied with a probability near unity. The energetic distan
8-7
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between the average transport level and the acceptor
cannot be deduced from our measurements.

To describe the field-effect mobility, we cannot use t
equation given by Vissenberg and Matters formFE because
they assumepind@p, wherepind is the induced charge carrie
density. Instead of this, we use equation~7! in the form
mFE5ns/(epind). The change in the conductivityns can
be developed in linear order:

ns'
ds

dp
~p5dNt!pind , ~15!

as long aspind!p. This linear approximation is justified be
cause our measured transfer characteristics are linear@Fig.
6~a!#. Combining Eqs.~15! and~11!, we obtain for the field-
effect mobility:

mFE~d,T!5s~d,T!
T0

T

1

edNt
. ~16!

Figure 7~b! shows the conductivity and the field-effect m
bility of a RT sample together with the theoretical curv
calculated from Eqs.~11! and ~16! assuming shallow accep
tor states (dNt5NA). For both curves, the fit parameters a
s0583105 S/m, T05500 K, anda50.4 Å21. The val-
ues are nearly the same as those in Table I obtained from
conductivity itself. Using a percolation model, we can the
fore describe both the conductivity and the field-effect m
bility quantitatively in a self-consistent way. In compariso
Schön and Batlogg presented a trapping model for orga
thin film field-effect transistors.31,32 They assume extende
states at one transport level and consider the influenc
traps ~bulk, interface, and grain boundary traps!. As shown
above, the assumption of one discrete transport level lead
a contradiction for our samples, so we are forced to us
percolation theory both for the polycrystalline and the am
phous samples. Probably, the polycrystalline thin films
pentacene and oligothiophene Scho¨n and Batlogg investi-
gated exhibit a higher degree of order within the microcr
tallite than the polycrystalline thin films of ZnPc and VOP
we have investigated here.

Unfortunately, we cannot perform an evaluation of t
Seebeck coefficient within this model. The problem is th
the percolation theory only considers the critical hopp
events, but not the average hops that determine the See
coefficient.

IV. CONCLUSION

We have shown that zinc-phthalocyanine layers can
doped quite efficiently in the polycrystalline and also in t
.N
e-
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amorphous form by coevaporation with F4-TCNQ. The
amorphous phase can be prepared by evaporating the m
rial onto cooled substrates and is stable up to a tempera
of 50 °C. The polycrystalline and the amorphous samp
show qualitatively the same electrical behavior: The dop
increases the conductivity by up to six orders of magnitu
compared to the undoped case and the conductivity incre
strongly superlinearly with doping. The~positive! value of
the Seebeck coefficientSgets smaller with increasing dopin
indicating a shift of the Fermi level towards the transp
level ~using the standard model! and S is temperature inde-
pendent for all samples. Generally, the conductivity of t
amorphous samples is about one order of magnitude lo
compared to the polycrystalline samples. The field-eff
mobility of the polycrystalline samples is in the order
102421023 cm22/V s and increases with increasing dopa
concentration.

The qualitatively equal electrical behavior of the pol
crystalline and the amorphous samples shows that it is v
unlikely that the superlinear increase of the conductiv
upon doping is caused by high conductance paths or an
cumulation of F4-TCNQ molecules at grain boundarie
Adapting a percolation model presented by Vissenberg
Matters,1 which assumes hopping transport within a distrib
tion of localized states, we can describe quantitatively
conductivity and the field-effect mobility. The different be
havior of polycrystalline ZnPc, amorphous ZnPc, polycry
talline VOPc and amorphous TDATA upon doping can
explained by different values of the overlap parametera21,
which determines the tunneling process. The superlinear
crease of the conductivity upon doping is a strong hint
shallow dopant states as we would expect a sublinear
crease for deep dopant states in this model.

Further issues will be to measure the field-effect mobil
of the amorphous samples. Moreover, it should be checke
the model is consistent with other electrical measureme
such as capacity voltage spectroscopy and current-vol
characteristics of Schottky diodes.
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