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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 gmntype 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 characterinesitu 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 8-10"% cm~2/Vs and increases with increasing dopant concen-
tration. Adapting a percolation model presented by Vissenberg and Mg@eys. Rev. B57, 12 964(1998],
which assumes hopping transport within a distribution of localized states, we can quantitatively describe the
conductivity (in different organic layepsand the field-effect mobility.
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I. INTRODUCTION of the matrix on the doping efficiency.
The doping procesén polycrystalline dyescan largely
Thin films of organic dyes with conjugated-electron be described by the standard model used for crystalline an-
systems are widely investigated for use in electronic and operganic semiconductor:*® However, a proper thermody-
toelectronic devices like organic light emitting diodes, field-namic description of the doping process is still a challenge.

effect transistors and solar celig’ Although it is known for In particularly, the strong superlinear increase of the conduc-

a long time that the conductivity of organic layers can betivity with doping observed in some systems calls for an
9 Y 9 y “explanationt? One problem for the description is the poly-

enhlan(t:ed rdemarkably by C?ggr\fs?g oratlo.n \éwth. strong orgar]'Srystalline morphology of the layers: It is not known whether
m-€l€Clron donors or acCeptors,”organic devices areé Usu- ynq o\yprent flows primarily through the grains or along the

ally prepared in a nominally undoped form. However, theyain houndaries. Furthermore, it is not known whether the
electrical properties of undoped layers are gov?zrned__by U'gopants are homogeneously distributed in the material or if
known impurities or by gases such as oxydeh:? schan they are diffused out of the grains and concentrate at the
etal. presented the doping of pentacene andgrain surfaces. In this respect, amorphous materials are more
a-hexathiophene single crystals with iodine reaching a consimple model systems.
ductivity up to 103 S/cm?® The history of silicon technol- Here, we report on our investigation on the semiconduct-
ogy showed that controlled doping is necessary for the realing behavior of polycrystalline and amorphous vacuum de-
ization of effective, stable and reproducible devices: Theposited layers, intentionallp doped with a strong acceptor
breakthrough of classical microelectronics became possiblmolecule. We chose zinc-phthalocyani@mPg as a model
due to the preparation of materials with high purity and con-matrix material and tetrafluoro-tetracyano-quinodimethane
trolled doping levels. Recently, we also showed that thgF,-TCNQ) as dopant because the doping process is quite
properties oforganic devices such as light emitting diodes efficient for these two materialS.Polycrystalline and amor-
(OLED'’s) and organic solar cells are strongly improved by phous ZnPc films were prepared by variation of the substrate
controlled doping#~1® temperature during layer growth. The films are electrically
Organic dye layers are typically prepared by vapor depocharacterized by temperature dependent measurements of the
sition in high vacuum or spin coating from solution and haveconductivity, the thermopowé&6eebeck effe¢tand the field-
a polycrystalline or amorphous morphology. Amorphous ma-effect mobility. From the Seebeck coefficient, we can calcu-
terials are in particular popular for OLED’s, mainly becauselate the hole density. In combination with the measured
they form smooth layers and do not degrade by crystallizaconductivity o, we obtain the hole mobility, (assuming
tion (if the glass transition temperature is high enough o=epu;). The field-effect measurements allow us directly
However, only a few attempts are reported to dope amorto determine the hole mobility and to compare the values.
phous layers by coevaporatih!® To our knowledge, no The results for;, obtained from the different measurements
results are reported about the dependence of the morphologye largely consistent. We will show that a comprehensive
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FIG. 1. Schematic view of a thin film transistéfFT): The (a) (b)
channel length. is 300 um, the thickness and the capacitari@e ] ) ] o
of the insulating layer, respectively are 50 nm and 60nE&/éon FIG. 2. Differentiated diffraction images of two ZnPc lay€s®
Si0, and Jum and 1nF/crh for Benzo Cyclo Butene. nm thick) on a carbon foil: The layers were prepared at a substrate

temperature ofa) 25 °C and(b) — 150 °C. The original(not differ-

- . . entiated diffraction images are hard to analyze because of the very
des.cnptlon requires a perco'.atlon model both for pOIyCI’ys'low intensity. The numbers ife) declare the distance in nm of the
talline and amorphous materials.

corresponding crystallographic planes.

Il. EXPERIMENT and width of 300 um and 8 mm, respectively. Finally, the

. ZnPc layer(30 nm thick was deposited. The second type of
ZnPc was delivered by Syntec Gmigolfen, Germany, samples(type Il) is based on a commercially available

The material was purified by vacuum gradient sublimation.

. ) indium-tin-oxide-layer(ITO) on a glass substrate. The insu-
VFVELCNr% vas u”s]eg as hpf\cl’;’('ii‘:n bé/h’;'ggg& (;D*ji Spaar;‘p'eﬁatmg polymer BCB(Benzo Cyclo Butene, Cyclotene 3022,
prep 9 " . DOW Chemical Companywas deposited by spin coating.
The matrix gnd thg dopant were.coevapo_rated from g’raph't‘f’he thickness of the polymer is about Zm and the resis-
3ggsﬁera;?|czﬁgjglblgs,r rtehsge(ét(l)\:gz’ctk,sitmg aﬁ'gs Séelg)ﬂeck_tivity around 1% O cm. Then, the gold electrodes and the
y - Y ZnPc layer were deposited in the same way. Current voltage
measurements, the films were grown onto precleaned fuse

silica substrates. The morphology of the films depended orc]: aracteristics were obtained with the source measure unit;

_ “to apply the gate voltage, we used an electrom@eithley,

B B O e e K ey 617 Programmable Electiometesll electrical measure-

ments presented here were carried inusitu.
held at room temperatul®T samplesand an almost amor-
phous film when the substrate was cooled down to at least
—100 °C(LT sample$. We found this behavior for different lll. RESULTS AND DISCUSSION
substrate materials such as silica, KBr, and carbon foil. The
amorphous phase was stable up to 50 °C.

The morphology of ZnPc was analyzed by electron dif- Two types of ZnPc samples were prepared: The room
fraction using a transmission electron microscope PhilipgemperatureRT) sample was prepared while the substrate
CM200 LaB;. Here, Cu-grids coated with a carbon foil was held at room temperature (25 °C). The low temperature
(Plano W. Plannet GmbH, S160-8vere used as substrate (LT) sample was prepared while the substrate was cooled to
and the ZnPc layers were 50 nm thick. For the conductivity— 150 °C. The differentiated diffraction patterns of the RT
and Seebeck measurements, the fused silica substrates waral LT samples are shown in Fig. 2. The RT sample shows
already equipped with two vapor-deposited gold contactsharp Debye Scherrer rings and some discrete diffraction
with a distance of 2 mm. Here, the thickness of the ZnPcspots due to the polycrystalline morphology of the phtalo-
layers was 30 nm. The samples show linear current-voltageyanine[Fig. 2(@)]. The rings correspond to th@00), (40-
characteristics. Due to the high resistance of the organic lay2), and (31-2) lattice planes. These planes represent lattice
ers, the electrical properties are determined by the bulk maspacings of 1.26, 0.58, and 0.35 nm of the low temperature
terial and not by the contacts. The conductivity and Seebeck-phase crystalline modification of ZnPc. The crystalline do-
coefficient were recorded with a source measure (ié- mains have an average size of about 20—30 nm. In the dif-
thley SMU236. The polycrystalline samples were annealedfraction pattern of the LT sample, the Debye-Scherrer rings
in vacuum at 70 °C for 30 min and the amorphous samples atre missing. Only amorphous halos corresponding to 1.26,
50°C for 30 min before the measurements. Details of thé.58, and 0.35 nm can be observed. The amorphous phase is
sample preparation and the conductivity and Seebeckstable up to a temperature of 50 °C. Above this value, the
measurements are described in Ref. 14, films recrystallize ¢ phase.

The field-effect mobility was determined with thin film The absorption spectra of the RT and LT samples are
transistorg(Fig. 1). We used two types of samples. The first shown in Fig. 3. Absorption spectra of ZnPc in solution
one (type ) consists of a silicon oxide insulating layé80  shows only one peak at 679 nm in the depicted energy
nm thick) thermally grown on a highly dopedttype silicon  range!®?! In the solid state, this electronic excitation splits
wafer. Onto the oxide layer, the source and drain gold elecup in two parts because of the molecular interacti(see
trodes(25 nm thick were deposited with a channel length Ref. 22. The positions of the peaks are 625 and 710 nm for

A. Structural characterization
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FIG. 3. Absorption spectra of ZnPc layef®0 nm thick: The 5] . _
RT sample was prepared at 25 °C substrate temperature and the LT 10 T=50"C RT samples A/
sample at- 150 °C substrate temperature. The dotted spectra shows o ) A
schematically the absorption of ZnPc dissolved in 1-chloro- S 1034 / / 4
naphthaline. 2] A - E

Z y / LT samples 1
the RT sample and 635 and 688 nm for the LT sample, re- *§ 1075 A 3
spectively. The separation of the peaks is smaller for the S , 1
amorphous than for the polycrystalline phase. This is a 8 10°4 3
strong hint at a lower interaction of the molecules of the LT £ 3
sample, which fits well with the lower degree of order. T T

0.001 0.01
(b) molar doping ratio F,-TCNQ / ZnPc

B. Conductivity and Seebeck coefficient

The conductivity of undoped ZnPc is below 8 S/cm. FIG. 4. Conductivity of ZnPc layeré30 nm thick doped with
The conductivityo versus the reciprocal temperature for the Fa-TCNQ: (a) Arrhenius plot for a RT and LT sample with a molar
doped samples grown at different substrate temperature fPing ratio of 1%; The insets show the structures of ma#nfo
plotted in Fig. 4a). The molar dopant concentration is 1 % in @nd doping (-TCNQ) molecules(b) Conductivity vs molar dop-
both samples. At room temperature, the conductivity is siX"9 ratio for the RT and LT samples: The conductivity of the LT
orders of magnitude higher than in the undoped samples. TrRamples is about one order of magnitude lower compared to the RT
conductivity shows a thermally activated behavior in theSamPles:
measured temperature range. For the RT sample the activa-
tion energy isE,.,~=0.18 eV. In comparison, the activation
energy isE, .= 0.24 eV for a molar dopant concentration of
0.2%, i.e., the activation energy slightly decreases with in- - lim UAT,AT)

creasing dopant concentration. For the LT sample the activa- S(T) AIT—>O AT ' 2)

The Seebeck coefficiel@is defined as

tion energy is 0.23 eV. Again, the activation energy is higher

for a molar dopant concentration of 0.2829 eV). whereT is the absolute temperaturd,, the thermovoltage

Figure 4b) shows the conductivity vs the molar doping between the contacts 1 and 2 akd the temperature differ-
ratio. Surprisingly, the conductivity increases strongly super-

. ) . ence between the contacts 2 and 1. For a first analysis, we
linearly with the concentration of/TCNQ for both types of . use the standard model of only one relevant transport level.

samples. Generally, the conductivity of the LT samples '?/\/e will later see that this standard model cannot completely

about one order of ma_gnltude lower compar_ed fo the R explain our measurements. For unipolar charge carrier trans-
samples. The conductivity of the RT sample with the Iowes;tport at one transport level E, Sis given by

molar doping ratio(0.063 % is smaller than one would ex-
pect from the curve of the other samples. For a molar doping
concentration of 0.033 %, we were not even able to measure S(T)= Er(T)—E, ©

any current ¢<10"1° S/cm). This is a strong hint at the eT '

influence of impurities in the matrix: The charge carriers are

trapped in the impurity states and the conductivity is signifi-Equation(2) shows that the Seebeck coefficiGreveals the
cantly lowered as long as the density of traps is in the sam&ansport type i or p) from its sign and the energetic differ-
order or even higher as the density of dopants. This effectnce between the Fermi levEl and the relevant transport
can be neglected if the doping concentration is much highelevel E,, from its value. It is important to mention that Eq.
than the trap density. (2) holds regardless of the details of the transport mecha-
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w0 20 20 240 T For the further evaluation of the Seebeck measurements,
14 08 we assume that the effective density of stdlgsat the trans-
7 < i p ety ] port levelE,, is comparable to the density of moleculg .
AZ o This is equivalent to the assumption that every molecule con-
1.2 o 0.4] Addb-aa4—a—a ! | tributes one transport state. Fe@fZnPc, the density of mol-
ecules is abouN,,=1.7x 107 cm 3. The density of(free)
- 3 .4 holesp in the transport state is then given by
¥ 1.0 temperature” (1000/K) A
S LT samples
E
)

A—— A
E-(T)-E S
AL N\ ] e el
0.6 A A

" with kg as the Boltzmann constant. We can use here the
T=50°C RT samples Maxwell-Boltzmann approximation sincég—E, >KkgT.
0.4 : A = Note that the effective density of stathis, is not known in
0.001 0.01 our materials and that for a comprehensive understanding of
(a) molar doping ratio F,-TCNQ / ZnPc the measurements one has to go beyond the assumption of
4 . only one relevant transport levésee percolation modgel
Therefore the values of the hole density determined this way
10" RT samples / 3 from the Seebeck coefficient are an upper limit because the
A effective density of states will always be lower than the den-
1084 3 sity of molecules K, <N,,). The combination of the See-
A beck measurements with the conductivity results then allows
o 10" 4 A——m~A ] us to deduce the hole mobility by applying the equation
LT samples
10" 3 _
T=€Pup. (4)
10" A T=350°C|]
. The obtained hole density range from*i@o 10° cm™3
0.001 0.01 [Fig. 5(b)]. They show the same characteristic behavior upon

(b) molar doping ratio F,-TCNQ / ZnPc doping as the conductivity: The hole density increases
strongly superlinearly with the concentration of-FCNQ
FIG. 5. (a) Seebeck coefficiervs molar doping ratio for ZnPc  and the values for the LT samples are about one order of
layers (30 nm thick doped with F-TCNQ: The values of the LT magnitude lower than for the RT samples. As a result, the
samples are about 0.2—-0.3 mV/K higher than for the RT samplegg|e mobility is independent of the doping density and has
The inset shows the Seebeck coefficient vs temperature for a Rihe same value of about:s10-2 cm/Vs at room tempera-
and LT sampl_e with a molar d_oping fatio of 2% and a 400 nm thickyre for the RT and LT samples. Altogether, we obtain quali-
LT sample with a molar doping ratio of 1.2%. Here, the slightly (o6l the same behavior for the RT and the LT samples
increase ofSwith 1/T for the thin LT sampléopen circlg is dl.Je to upon doping. It is therefore very unlikely that the superlinear
problems of thg measurement bgcause of the low current in the th'ﬁ’]crease of the conductivity with doping is caused by struc-
film. For the thicker layefopen triangl¢ S stays constantb) Hole .
density vs molar doping ratio. tur'al effects such as high conductanqe paths or an accumu-
lation of F,-TCNQ molecules at grain boundaries. Such
nism. For instance, it applies to band transgastlong as the structural effects are not expected in an amorphous phase.
band width is small compared t&T), and to hopping Accordingly, they should be much more pronounced in the
transport® RT samples than in the LT samples which are largely amor-
All Seebeck coefficient§ we measure are positiyé&ig.  phous.
5(a)]. This means that the conduction is due to holes moving The (free) hole density appears to be temperature inde-
in the valence states of the matrix molecules and not by @endent because the Seebeck coefficient is temperature inde-
hopping of electrons between acceptor states. With increapendent. To explain this temperature behavior in the standard
ing doping, the value of the coefficient gets smaller, i.e., thenodel, we would have to assume that the acceptors form
difference between the transport level and the Fermi leveshallow states, i.e., all acceptors are ionized, and that there
becomes smaller. If we assume that the transport levels staye only shallow trapgor no trap$.'® In any other casep
at the same energy, the behavior seems to follow the situancreases with temperature. However, in this situation the
tion in inorganic semiconductors: With increasing doping,hole density and the conductivity should increase linearly
the Fermi leveE shifts towards the transport leviél,. The  with the doping density, which is in clear contradiction to our
Seebeck coefficiens of the LT samples is about 0.2—0.3 measurements. To understand this phenomenon, we will first
mV/K higher than for the RT samples. For all samplss  consider the evolution of the field-effect mobility upon
basically temperature independé¢sée inset of Fig. @)]. doping.
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C. Field effect 950 T——— —
It is common to use the basic equations of the silicon- _900_' ‘\A\ vV, =-5V] .
based MISFET (metal-insulator-semiconductor field-effect o 1 A
tr_an5|sto} to describe thg organic-based THEHin film _tran- <é '850j AL T=67C| ]
sistop although the device structure of the organic TFT's = _8004 N i
differs from that of the conventional MISFET*s*?° The = ] \\
drain current p is then given by O 7504 ‘\\ .
3 700- N
4 1, O -7004 A
ID:E:U'FECi (Ve=Vin)Vp— EVD 5 -650-- | . | . .
for Vp<Vg—Vy,. Here, Z is the width of the source and @ 12 -8 VE)TtaggV (\j') 8 12
G

drain electrodesl is the channel lengthyg is the field-
effect mobility, C; is the capacitance per unit area of the —— ——
insulating layerVg andVy are the applied gate and drain 102 3
voltage, and/y, is the threshold voltage. The field-effect mo- 3
bility is an effective mobility, which is related to the mobility
pun, of the holes by

p

mobility (cmjVs)
\
|\

HFE= B (6) oy _
in the standard model of only one relevant transport level for :EEI :;’g: :I ]
a p-type semiconductor. Herg, is the free hole density, —— Seebeck mobility T=20°C I ]
the density of trapped holes, and, is the mobility of free 10° -
holes. The transfer characteristics of the thin film transistor is 0.001 0.01 0.1
given in Fig. a) for a RT sample. The drain current changes (b) molar doping ratio F,-TCNQ / ZnPc

between 700 and 950 nA by varying the gate voltage be- - o )
tween+ 10 and— 10 V. The output characteristics are com- FIG. 6. (a) Transfer characteristic of a thin film transisigype

pletely in the linear regime. The drain current can not beI) using a 30 nm polycrystalline ZnPc layer as active semiconductor

educe 1 10 hecaus e oy of e ced char Pl DT ) g lect bl rd sk oty
carriers Pipg=CVg/e~1.2x10"® cm™3 for Vg=10V) is ping rato: 4

. . increases with increasing dopant concentration and the Seebeck-
only 8'” thg order of 35% _Of the_ hole den5|typf.3 mobility seems to be independent of the doping concentration
X 10'® cm™3) for a molar doping ratio of 0.7 %. Addition-

- ) . (within the experimental errpr
ally, the depletion width Ie;~8 nm) is smaller than the
thickness of the ZnPc lay€B0 nm) so that the layer can not
be completely depleted. We use 30 nm thick ZnPc layer ) . AR
because films with a thickness of less than 20 nm do no the fo!l_owmg way: The meas_ured f|e!d_-effect _mob|||ty IS
form a compact layer. The doping ratio is indeed too high tgne mobility of the ‘?hafge carrers adQ|t|onaIIy mduged by
produce a device with a high on/off ratio. However, our aimthe gate voltage. .W'th Increasing dop|n.g concentration, the
is not to obtain good FET characteristics, here, but to stud)fzrap.s.m the materlal become gra}dually filled. As a result, th.e
the effect of doping on the electrical properties of the organid"‘dd't'on"’lIIy induced charge carriers _hav_e a smaller p“’bﬁb"'
layers. ity to be trapped. The effe:\ctNe mObI|I.ty increases according

As the threshold voltag¥y, is unknown, the field-effect to Eq. (6) because the ratio gf andp, increases.

mobility can be best calculated from the slope of the curve?1 The f'?:?'iﬁea mOb'“tY shows a thermall)rq actlvaé[ed 'bg—
in the transfer characteristics avior with the same activation energy as the conductivity.

This is a strong hint for shallow acceptor states, because it
dip, Z implies that the total hole density+ p;=o/uge€ is tem-
av- [MFECiVD- (7) perature independent. For comparison, the mobility derived

¢ from the combination of the Seebeck and conductivity mea-
For a drain voltage of -5 V, we obtain ugg=7  surements, which will be denoted as Seebeck-mobjligy
x10 % ecm 2 at 20°C. This is a typical value for ZnPc and in the following, is also given in Fig. ®). The Seebeck-
other polycrystalline organic materi&f$?¢?’ The values of mobility seems to be independent of the doping concentra-
the field-effect mobility for the RT samples determined for tion (within the experimental errpand is about a factor of 5
thin film transistors of type | and type Il are given in Fig. higher than the field-effect mobility at high doping ratios.
6(b). Up to now, we could not obtain FET data for the LT The Seebeck-mobility and the field-effect mobility are thus
samples. For the thin film transistors of type | and type Il, thein the same order of magnitude. The assumption that the
values are in the same range with a deviation of 50 %, whicleffective hole densit\,, is equal to the density of molecules
is probably due to the different growth behavior of ZnPc onappears therefore realistic. The Seebeck-mobility is equal to
different substrates. The field-effect mobility increases withthe mobility of free holes[Eq. (6)] and therefore must be

éncreasing dopant concentration. This effect can be explained
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higher than the field-effect mobility. A comparison of See- N, E

beck and field-effect mobility allows an estimate of the hole g(E)= FGXD( F) (10
trap densityp,: From Eq.(6) we can estimate,=1—3 B0 B0

% 10'° cm™3 for high doping concentrations. Here, N, is the number of states per unit volume afg

describes the width of the exponential distribution. Vissen-
berg and Matters point out that they do not expect the results
] ) to be qualitatively different for a different choice gfE), as

With the standard semiconductor model used above, Wgyng asg(E) increases strongly witle. Therefore, we can
can either explain the superlinear increase of the conductiVyse their results assuming that the transport takes place in the
ity upon doping(by a partial trap filling or the temperature  taj| of a Gaussian distribution. Combining Ecf®—(10),

independence of the hole densityy shallow acceptors and \jssenberg and Matters obtain the following equation for the
shallow trapg but not both together. For a comprehensiveconguctivity:

understanding of the measurements, we have to go beyond
the assumption of only one relevant transport level. In disor- ( 7SN(To/T)3 To/T

D. Percolation model

dered organic materials, the polarization energy of a charge o(48,T)=0,
carrier is different at different places. Therefore, it is more (2a)°Bcl (1= To/T)I(1+To/T)

realistic to assume a distribution of localized states. The dis- (11
tribution is typically a Gaussian for an amorphous material
The charge transport is governed by hopping, for exampl
thermally activated tunneling between the localized states, iy g B¢.=2.8 for a three-dimensional amorphous system
the tall_ of the Ga_u55|an distribution and n(_)t by the actlvatlor'End F(z)=fg°dyexp(—y)yz‘1. Equation (11) is calculated
of carriers to a fixed transport level. In this model, a SUper'assuminQ(i) that the site positions are randdif) that hop-
linear increase of the conductivity upon doping is easy to . . .
explain: At higher dopant concentrations, more states withirfIng ta_kes place betwe_gn tal states, |&.andT.are low
the distribution are filled with charge carridiie., the Fermi especiallyT<To), andiii) that the energy barrier for the
level is highey and the transport takes place at higher energ)fr

levels. Here, the concentration of states and consequently t ) .
q y ecreases drastically f& approachingeg, forces the sys-

hopping rate for charge carriers is higher. jem to prefer hops far away frof: . Equation(11) predicts

To determine the conductivity of such a system, one ca tth ductivity h Arthenius-like t i d
use the percolation theory regarding the system as a randoma € conductivity has an Arrnenius-like temperature de-
pendence in a wide temperature range and that the conduc-

resistor networknetwork of Miller and Abrahams’®*°The P o linearly with the density of ch
classical percolation problem considers the current ﬂov\g\;r?i/eglcreases superiinearty wi € density of charge

through “bonds” connecting “sites” in a network. The con- To d ibe the infl f dopi first hal

ductance between the sitesandm’ is given by 0 describe the infiuence of doping, we Tirst assume shal-
low acceptors in our system, i.e., the acceptor states are be-
low the Fermi level. The termN, is then equal to the dopant

‘Here, § is the fraction of occupied states, i.&N; is the
?density of charge carrier8. is the critical number of bonds

itical hop is largd In(Z-/Zy)kgT>kgTy]. The latter criterion
eans that the tunneling terffirst term in Eq.(8)], which

Zm =20 'exp( — 2a|Ryy— Ren|) densityN, and the model predicts a superlinear increase of
the conductivity upon dopinas T<T):
Xexp(_|Em—EF|+|Emf—EF|+|Em/—Eml) © °
2kT : o~ (Ny)To/T, (12

Figure 7@ shows the measured conductivity of the RT
samples together with the theoretical curves calculated from
Eq. (11). The agreement is quite good. The fit parameters
oo, @, andT, are listed in Table I. Table | also shows the fit
ngarameters for the LT samples, for VOPc and for TDATA, all
oped with B-TCNQ. TDATA is known as a hole transport
material for OLED’s'® It forms amorphous layers deposited
%y vacuum evaporatioff.

Here,Z,* is a prefactora ! the Bohr radius of the local-

ized wave functions, which are assumed to $like, ﬁm
denotes the position of thath site, andg,, is the energy of
the charge carriers at sit@e. The first part of Eq(8) is a
tunneling term and the second a thermal activation ter
(Boltzmann term For the calculation, the resistars,,y are
all removed from the network and after that replaced one b

one, the smallest firéf The value ofZ,,,, at which the first In agreement with the results givert-ifor pentacene and

infi_nite _qluster oceurs iZC.’ thethresholdqr pritical value.  pry (polythienylene vinyleng the main difference between
This critical value determines the conductivity of the systemiy . 1 oterials appears not in, or in the width of the expo-
nential distributionT,, but in the fit parametes. The value
o= aOZc’l. 9 of a increases from 0.37 Al for polycrystalline ZnPc up to
1.39 A~ for TDATA. The activation energy of the conduc-
Here, oy is a prefactor. To describe our measurements, wdivity also increases in this order. As the value @f ! is
adapt a model by Vissenberg and Matters, which originally<3 A, i.e., smaller than the size of one molecule, one can-
describes the field-effect mobility in amorphous organicnot interpreta ™ simply as the Bohr radius, but as an over-
transistors. It assumes the following exponential density of lap parameter determining the tunneling procesmte that
localized statesfor electrons in the conduction states the conductivity data of one material at different doping lev-
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ity higher. In the LT samples, the molecules are less ordered
A10'2- which results in a smaller overlap of the wavefunctions com-
§ 104 pared to the RT samples. For the different materials, the ac-
) tivation energy of the conductivity increases with decreasing
§‘104‘ a1, The reason for this is that for a lower value of *
'§ 1054 tunneling over wide distances is very improbable, so that the
2. 6] charge transport can only take place in an energetic region
g 10 where the density of states is high, i.e., far away frem
107 L—— . . Accordingly, the activation energy of the critical hop is high.
(a) 360320 f:&pefa‘:gre (K)2°° For each material, the activation energy of the conductivity
decreases with increasing dopant concentration which is to
be expected according to E() as doping shiftEg closer
10°2 103 to an energetic region with high density of states.

We saw that we could describe the doping of several ma-

-3 ] - 1104 terials by R-TCNQ quite self-consistently by assuming shal-
low acceptors. Nevertheless, we want to see if an equally

3 <2 3110° good description is possible assuming tha{TENQ forms

] 2 110% : deep acceptor states, i.e., states ald6yehe occupation of
which is thermally activated. For an exponential distribution

1107 of states, a simple calculation using the neutrality equation

360320 280 240 200 160 p=Na- and Eq.(10) yields
temperature (K)

-
o
w

conductivity (S/cm)
=
L
mobility (cm?/Vs)

— N
e <
(2] (4]

-E
FIG. 7. (8 Conductivity of the RT samples vs temperature. The P= 5Nt:(Nt)TOI(TOH)(NA)T/(TOH) exp( k(T—:T)) :
fit curves are according to Eqél1), usingo,=12x10° S/m, T, B0
=485 K anda=0.37 A1 (b) Conductivity and field-effect mo- (13
bility of a RT sample(type |, doping ratio 0.7%vs temperature. Here,N, andE, are the density and the LUMO energy level
The fit curves are according to Eqdll) and (15), usingoo=8  of the acceptor molecules, respectively. For the calculation of
X10° S/m, To=500 K, anda=0.4 A~*. p(Eg), the Fermi function was approximated by a step func-

tion. Combining Eqgs(11) and (13), we obtain for the con-
els can be modeled with the same valueSgfanda. This  ductivity:

forms a strong indication that the molecular doping does not
lead to changes in the layer structure and/or in the energy. (N, | T)
distribution, i.e., the density of states. We investigated the

influence of doping on the morphology for the system ZnPc To(To+T) —Ea 3 To/T
doped with B-TCNQ by electron diffraction. Here, for dop- m(Ny) o7 om Vex K(To+T) (To/T)
ing levels up to 5%, no indication for a new crystallographic =0y 3
phase appeaﬂg. (2&’) Bcr(l_To/T)r(l+T0/T)
Among the given materials, ZnPc can be doped best. We X (N) To/(To+ D), (14)

can explain this now in the following way: The higher value

of a~* is due to a larger overlap of the wave functions. consequently, the conductivity should increase sublinearly
Therefore, the tunneling process is easier and the conducti\ﬂpon doping in the case of deep acceptors. Therefore, one
can distinguish between deep and shallow dopant states by
TABLE I. Conductivity at 40 °C, activation energy of the con- |ooking at the behavior of the conductivity upon doping.
ductivity (dopant density 1% for bojfand fit parametesy, Toand  Within this percolation model, we can conclude that
a for polycrystalline ZnPc, amorphous ZnRboth 30 nm thick F,-TCNQ forms shallow acceptor states in any of the mate-
layers, VOPc (vanadylphthalocyanine, polycrystalline, 500 nm yia|s Jisted in Table I. At this point a remark should be made
and TDATA (4,4, 4"-tris(N,N-diphenylamina-triphenylamine, 550yt the meaning of the tershallow acceptors in an ex-
amorphous, 500 nimHere, o, is a prefactorT, describes the width 5 hantia| distribution of localized statesn the model of
of the exponential dist_ri_bution of Iocal_ized states angs an over- Vissenberg and Matters, a transport level can be defined as
lap parameter determining the tunneling process. the maximum of the differential conductivity(E), i.e., the
Eoc mai_n contribution to conductivity comes from the energetic
Material sSlem (V) oo(10°S/m) Ty (K)  a(A~Y) region around th!s level. The accep_tor_molecules create extra
states at a certain energy level. With increadiogdecreas-
ZnPc(RT) 5.8x107° 0.18 12+3 485+15 0.37£0.01 ing) acceptor density the average transport level and the
ZnPc(LT) 4x10°* 0.23 116 455+15 0.64-0.02 Fermi level shift due to the change in the hole concentration.
VOPc 2.3x10°% 0.32 6+1 485+15 1.00-0.04  From our measurements, we can only conclude that the ac-
TDATA 5.9X10°7 0.34 3+1 515-15 1.39-0.03  ceptor states are below the Fermi level, i.e., they are occu-
pied with a probability near unity. The energetic distance
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between the average transport level and the acceptor leveorphous form by coevaporation with,-FCNQ. The
cannot be deduced from our measurements. amorphous phase can be prepared by evaporating the mate-
To describe the field-effect mobility, we cannot use theria| onto cooled substrates and is stable up to a temperature
equation given by Vissenberg and Matters fofe because  of 50°C. The polycrystalline and the amorphous samples
they assum@;ns>p, wherepinq is the induced charge carrier gho\y qualitatively the same electrical behavior: The doping
density. Instead of this, we use equation in the form  j, reases the conductivity by up to six orders of magnitude
pre=Aol(€png). The change in the conductivitho can  ;ompared to the undoped case and the conductivity increases
be developed in linear order: strongly superlinearly with doping. Th@ositive value of
do the Seebeck coefficie®gets smaller with increasing doping
Ao~ d—(p= SNy Pind» (15 indicating a shift of the Fermi level towards the transport
P level (using the standard modednd S is temperature inde-
as long agi,g<p. This linear approximation is justified be- pendent for all samples. Generally, the conductivity of the
cause our measured transfer characteristics are lifl@é@r  amorphous samples is about one order of magnitude lower
6(a)]. Combining Eqs(15) and(11), we obtain for the field- compared to the polycrystalline samples. The field-effect
effect mobility: mobility of the polycrystalline samples is in the order of
_ To 10 4—10"3 cm ?/Vs and increases with increasing dopant
wrel0T)=0 (0T o5 - (18 concentration.
The qualitatively equal electrical behavior of the poly-
crystalline and the amorphous samples shows that it is very

calculated from Eqs(11) and (16) assuming shallow accep- unlikely that _the superlinea_r increase of the conductivity
tor states §N;=N,). For both curves, the fit parameters areUPon doping is caused by high conductance paths or an ac-

0o=8x10° S/m, T,=500 K, anda=0.4 A~L. The val- cumulgtion of Iﬁ—TC_:NQ molecules at grain .boundaries.
ues are nearly the same as those in Table | obtained from th%daptlnlg a percolation model presented by Vissenberg and
conductivity itself. Using a percolation model, we can there-Matters, which assumes hopping transport within a distribu-
fore describe both the conductivity and the field-effect mo-tion of localized states, we can describe quantitatively the
bility quantitatively in a self-consistent way. In comparison, conductivity and the field-effect mobility. The different be-
Scha and Batlogg presented a trapping model for organidiavior of polycrystalline ZnPc, amorphous ZnPc, polycrys-
thin film field-effect transistord"*? They assume extended falline VOPc and amorphous TDATA upon doping can be
states at one transport level and consider the influence @xplained by different values of the overlap parameter,
traps (bulk, interface, and grain boundary trapss shown Which determines the tunneling process. The superlinear in-
above, the assumption of one discrete transport level leads &sease of the conductivity upon doping is a strong hint for
a contradiction for our samples, so we are forced to use &hallow dopant states as we would expect a sublinear in-
percolation theory both for the polycrystalline and the amor-crease for deep dopant states in this model.

phous samples. Probably, the polycrystalline thin films of Further issues will be to measure the field-effect mobility
pentacene and oligothiophene Sohand Batlogg investi- of the amorphous samples. Moreover, it should be checked if
gated exhibit a higher degree of order within the microcrysthe model is consistent with other electrical measurements
tallite than the polycrystalline thin films of ZnPc and VOPc sych as capacity voltage spectroscopy and current-voltage

we have investigated here. . characteristics of Schottky diodes.
Unfortunately, we cannot perform an evaluation of the

Seebeck coefficient within this model. The problem is that
the percolation theory only considers the critical hopping ACKNOWLEDGMENTS
events, but not the average hops that determine the Seebeck

coefficient. We thank G. PaasctiFW Dresden and S. Scheinein-
stitut fur Festkaperelektronik, TU Ilimenaufor their help
concerning the field-effect measurements. We thank the

We have shown that zinc-phthalocyanine layers can b®eutsche Forschungsgemeinschéfroject No. LE 747/
doped quite efficiently in the polycrystalline and also in the28-1) for financial support.

Figure 7b) shows the conductivity and the field-effect mo-
bility of a RT sample together with the theoretical curves
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