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Abstract— Charge transport in doped organic semiconductors The doping process of organic semiconductors can largely be
is investigated, and an analytical conductivity model is fo  described by a standard model used for a crystalline an@rgan
mulated. This model can explain the temperature dependence gomiconductors [4]. However, a proper doping model is still
of conductivity and the change in conductivity of an organic . . L
semiconductor upon doping. The results agree well with reca a challenge for organic semiconductors, for example'_'m n .
experimental data. known whether the dopants are homogeneously distributed in

the material. In particular, the reason for the strong dirpear
. INTRODUCTION increase of the conductivity with doping observed in some

After the discovery of electroluminescence in the conjadat experiments is unclear [22].
polymer PPV [1], [9] and its derivatives, much effort hasn this work, we present an analytical model of hopping
been devoted to the study of the (opto)electronic and eldransport in doped disordered organic semiconductorsdbase
trical transport properties. Understanding the carriangport on VRH theory and percolation theory. This model shows the
properties in these organic materials is of crucial impuzésto  superliner increase of conductivity with doping observed i
design and synthesize better materials and to improve elevéeveral experimental data sets.
performances. However, a proper theoretical descriptibn o
charge transport in organic semiconductors is still a englé.

In organic semiconductors, intramolecular interactioms a For a disordered organic semiconductors system, we assume
mainly covalent, whereas intermolecular interactionsdure that localized states are randomly distributed in both gner

to much weaker van der Waals and London forces. As a res@fd coordinate space, and that they form a discrete array of
the transport bands in organic crystals are much narroveer tisites. Conduction proceeds via hopping between these sites
those of their inorganic counterparts, and the band stractdn the case of low electric field, the conductivity betweete si

is easily disrupted by disorder in such systems. This disord and sitej can be calculated as [17]

causes the formation of localized states in the energy gap. |

Il. MODEL

order to enable a current through the device, charge csurier Oij Ny exp = (8ig) @
trapped at the localized states need to escape from thestn

sites. Such a conduction process is entirely determinetidy t lei—er |+ |6 —er |+ ] e—€j|
tunneling transitions of carriers between the localizedest, Sij = 2aR;; + T

provided that the electronic wave functions of the localize . " .
states have sufficient overlap. This theory was originalgigy v_vhereq a_nd €; are th‘? energies a_t the Sm_mnd]’ respec-

by Conwell [2] and Mott [6]. A more systematic theory calledVely: er is the FerfrT-_energyRij Is the distance between
variable range hopping (VRH) was introduced by Mott in 19681S ¢ @nd j, and o~ is the Bohr radius of the localized

[8]. The transport properties of organic semiconductorstoa wave function. The first part oa‘” is a tunneling term and the
well described by VRH theory [12], [14], [15] second one is thermal activation term (Boltzman term).

Despite over 25 years development, some rather ubiquit(ﬁg organic semmonductprs, the mann‘olds.of both Iowgst
features of charge transport in organic semiconductors %OCCUD'ed molecular orbitals (LUMO) and highest occupied

still not well understood. One primary example is the relati mqlecular orbitals (HOMO) are characterized by_ random po-
between conductivity and doping [11], [16]. Although it iSsmonal and energetic disorder. Being embedded into aai@nd

known for a long time that the conductivity of organic layer edium, dopant atoms or molecules are also inevitably sub-

can be enhanced remarkably by coevaporation with str éted. to positional e}nd engrgetic disorder. Since the HOMO
organicr-electron donors or acceptors [13], organic devic § el |r][_ moitucl\)/lrgan|cdszrglc\zﬂoondutct:>rs 1S dg(;ap and the gafp
are usually prepared in undoped form. However, the eledtric®Paa Indg ; an lecul states ITI wi ﬁ'belnergl_IESMg
properties of undoped layers are governed by uncontrollgagor En acﬁg'?v% maolecu Gi.s alre nSorma y well below doubl
impurities or by gases such as oxygen [10]. At the sanfe'C aoove » respeclively. S0 we assume a double

time, the breakthrough of microelectronics technology malgxponenual density of states
it possible to improve device properties by controlled dgpi Ny €+ Ed>

Nt €
[3], [5]. 9(9) = 1,1 &P (kBTO) 0=+ 5o P ( kpTh
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where N; and N, are the concentrations of intrinsic state: 0
and dopant states, respectivefyis unit step function7, and
T, are parameters indicating the width of intrinsic and dopa
distributions, respectively, anfl; is the Coulomb trap energy
[18]. Vissenberg and Matters pointed out that they do n
expect the results to be qualitatively different for a didfiet
choice of g (¢), as long asg (¢) increases strongly witlz.
Therefore, we assume that transport takes place in theftail
Gaussian distribution.

The equilibrium distribution of carriers (¢), is determined
by the Fermi-Dirac distributiory (¢) as

- B g(¢)
p(e) —g(E)f(E) - 1+exp[(6_€F)/kBT]

and the Fe_rmi-energy of _this system is fixed by the equatic 10 3 3:5 4 415
for the carrier concentration, 1000/T (K1)
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deg (e
= / g—() =n¢+ Ng (2) Fig. 1. Temperature dependence of the conductivity in ds@d hopping
1+ exp (;_;f: ) system at different doping concentrations.
where
-8 T T T T
n¢ = Ny exp < r > L(1—T/To)T (14 T/Tp) 10 ¢ ]
KgTy
_E -10| |
ng = Ngexp (%)F(l—T/TﬂF(l—FT/Tﬂ 10
B11

y (S/lcm)

HereI' is gamma function. >

According to classical percolation theory [17], in a randor.3 10 | 1
Miller and Abraham network [7] the current flows througt S
the bonds connecting sites. The conductivity of this sysil?engj
determined when the first infinite cluster occurs. At the onsO 107} 1
of percolation the critical numbeB,. can be written as

N
B.= =" @) 107 ‘ ‘ ‘ ‘
Ns 15 20 25 30 35
B, = 2.8 for a three-dimensional amorphous systé¥,and (1000/T)2 ( K'Z)

N; are, respectively, the density of bonds and density of sites

in this percolation system, which can be calculated as\allo Fig. 2. The temperature depenijgnce of the conductivity gardc semicon-
[19] [20] ductors, plotted asog o versusT —=.

o = /dR”dqdejg () g(e)0se =) () p=TNNgexp(n+v) (¥t +&) 7"

4
N, = /deg (€)0 (sckpT— | e —er |) (5) and
er + kpT's. er — Eqg+ kTs,.

HereR;; denotes the distance vector between sitasd j and n= %, Y= a kd T b
s is the exponent of the conductance given by the relation [21] B0 Bt

o =o0pexp(—s.). (6) ’ T ¢ T
Substitutingg (¢), (4) and (5) into (3), we obtain an expression 4aT’ 4ol
for B.. K+ p Equation (7) is obtained under the following conditions:

B. = 7 i iti
Ny exp (1) + Ngexp (7) () « the site posmon_s are randor_n_, _
« the energy barrier for the critical hop is large,
where . and the charge carrier concentration is very low.
k= N3 exp (2n) + TNZE> exp (27) The exponens,. is obtained by a numerical solution of (7).
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Fig. 3. Conductivity of doped ZnPc at various doping rates &snction of
temperature. The lines represent the analytical modekrargnts (symbols)
are from [22].

Fig. 4. Conductivity as a function of the doping ratio withmigerature as a
parameter.

Ill. RESULTS AND DISCUSSION

Fig. 1 illustrates the effect of the temperature depender
of the carrier conductivity for different doping concerioas.
Parameters area~! = 0.37,&, E; = 0.5eV, Ty = 800K and
T1 = 400K. The Arrhenius-like temperature dependence

logo x —E4/kgT

10*10

can be observed. The grapbe o versusT 2 is plotted in
Fig. 2, where we observe a deviation from strick straighg.lin
This is because at higher temperature, nearly all the carri
occupy the intrinsic states, so that dopants do not chargge
trap-free hopping relation of

Conductivity ( S/cm)

0

107" 10

Doping Ratio

logo oc T72.

The doping process is quite efficient for ZnPc with doparit
F4-TCNQ [22]. Fig. 3 shows the comparison between thgy 5. conductivity (T=200k) as a function of the dopingsafThe dashed
measured conductivity of room temperature samples and tine is to guide to the eye.)
theoretical curves calculated from (7). The agreementi®qu
good. The fit parameters are the same as given in Fig. 1, which
are taken from [22]. From Fig. 1 and Fig. 3 one can see tHi€ conductivity increases with doping in nearly linea#y.
the doping efficiency dramatically increases with decregsinigher doping levels, a superliner increase of condugtivith
temperature. This can be explained by the notion that tHEPINg is observed. This transition has been interpreted in
activation energy of the equilibrium mobility of extrinsic[18] in terms of broadening of the transport manifold due to
carriers strongly increases with decreasing temperature. €nhanced disorder coming from the dopant.

This model also describes the relation between condugtivitASSuming a simple Arrhenius behavior

and doping ratio, which is defined as —E4
N, acxexp(kBT),
Ny + Ny

we can obtain the relation between activation enetgyand
The calculated dependences are shown in Fig. 4 with tHeping ratio, as shown in Fig. &4 decreases with doping
parametersly, = 1000K, 77 = 500K, E; = 0.5eV and ratio increasing, which means that less energy will be meqgli
oo = 1x107s/lcm. The conductivity increases with doping ratidor a carrier activated jump to neighboring sites. Fig. @als
and temperature, but there is a transition in the condtgtivehows a transition between the two doping regimes which is
of an organic semiconductors upon doping. It is manifesteikible as a change in the slope Bf; with doping ratio.

by a change in the slope of conductivity versus doping rati®. comparison between our model and experimental data of
The effect is illustrated in Fig. 5. For low doping leveldoped PPEEB [23] is shown in Fig. 7. The input parameters
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Fig. 6. Activation energy £ 4) as a function of the doping ratio.
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Fig. 7. Conductivity of PPEEB films versus the dopant conegian. The

line represents the analytical model. Experiments (sys)kenle from [23].

area~! = 6A, E; = 0.6eV, T, = 1000K and 7} = 500K.
We can see the agreement is good.

IV. CONCLUSION
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