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Understanding the doping dependence of the conductivity of conjugated polymers:
Dominant role of the increasing density of states and growing delocalization
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In variable-range-hopping theories for the dc conductivity, the extension of sites where the charges are
located and the energy dependence of the density of Sla@$) are usually neglected. We show that these
dependences are the dominant factors for understanding the strong doping dependence, and present an ana-
lytical theory for arbitrary DOS. We verify the theory with systematic data over a broad range of temperature
and doping for FeGldoped polyp-phenylene vinylene By combining theory and data, we reconstruct the
energy-dependent DOS and the extension of sites.
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The strong increase in conductivity with doping of conju-  (4) Actual reconstruction, from the combined theory and
gated polymers was the first essential breakthrough thatata, of the energy-dependent DOS of the doped polymer.
made the field of polymer electronics the revolutionary fieldAlthough these results are derived for the insulating state, we
that it is today. Although the fact has been demonstrated anelxpect them to be relevant for our understanding of the
discussed many times sintéhe steeply nonlinear functional metal-insulator transition and the metallic phase of these
relation between dopant concentration and conductivity irconjugated polymers as well.
the insulating state has not been consistently explaéiféd.  OC,C,-PPV was doped in solution with irékl )chloride,

For the more frequently studied and equally steep temperd=eCk. Ideally, the following redox reaction should take
ture dependence of the conductivity various approaches place: PP\ 2FeCL—PPV" +FeClL+FeC|, . The doping
exist, which have in common that some kind of phonon-level ¢ is defined as the number of carriers per monotrer.
assisted hopping between localized states allows the dg/e refer for more details to Ref. 14. Under ambient condi-
transport. In these models disorder, correlations @go-  tions, the conductive properties of the films are stable over
laron formation can play a role as well and often simplifying several weeks.

assumptions have been made about the shape of the densityThe T dependence oé is presented in Fig. 1, where

of states(DOS).>*~**Because of these differences, it will is plotted versus~* on a log-linear scale. At sufficiently
be helpful to follow a more general approach, the results ofow T, Mott's law o(T)=opexd —(To/T)¥4] for three-
which might also guide more detailed microscopic descripdimensional VRH hold$® Such aT dependence of has
tions. Here we start from Mott’s three-dimensiof@D) vari- been frequenﬂy reported in doped Conjugated po|yrF]_e3rS,
able range hopping/RH) and allow for a spatial extension and is suggestive of thermally activated tunneling of carriers
of the localized states that were originally approximated apetween localized states in a constant density of states. As in
dimensionless points. It appears that without specifying theither conjugated polymefs® o increases steeply with dop-

exact nature of the charge carriers involved in the conductiving |evel: by increasing from 0.005 to 0.2¢ increases by
ity, we can clarify the relation between conductivity and dop-

ing level in the nonmetallic state for the common case, where
3D charge transport prevails already at the lowest doping
levels!* The major outcomes are as follows.

(1) A fully general analytical resultsee Eq.(4)], identi-
fying how the strong dopant dependence relates to two domi-
nant effects: the increasing DOS at higher concentrations,
and the growth of the delocalized regions. This result not
only gives mechanistic insight that was so far absent, but is
mathematically applicable to any shape of the DOS.

(2) An extensionsee Eq(5)], accounting for the dopant/ ST0 e i oW A
delocalization dependence, of the classical result of Mott, a2 @8 a8 05 08 07
which has so far been the reference for modeling the I
T-dependent variable-range-hopping conductivity in doped FiG. 1. (a) o vs T~ for 0.005<c<0.17 (two samples have
polymers. close to 0.0B Doping levels are expressed per monomer. At Tow

(3) Successful verification of the theory with very precise Mott's law o(T) = ogexfd —(T,/T)¥] for three-dimensional VRH
and systematic data over a broad range of concentration am@lds. Dashed lines are fits discussed in the text. Inset shows the
temperature, using Fegtloped polyp-phenylene vinylene  powerlike dependence of for 0.01<c<0.1 at 200 K:ogoc®
(PPV) as paradigm. (dasheql
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E a 2A. R b nentially both on the hopping distané&ebetween the local-

: o ized regions and the activation enerdy- Eg).'° The den-

sity of final sites A/ that can be reached with activation

0 energy less than E—Er is given by MNE,Ep)
=fEFg(E’)dE’. Mott’s criterion states thatr is governed
by those hops for whick andR are such that about one state
I lies within a volumeV, defined by: VAN=1 [henceV
9(E) =V(E,Eg)].*® For the momentRis a unique function, to be
specified later, ofV and of some lengthA: R(V,A)
=R(E,Eg,A). The conductivity can then be written'&4°

7

==

(]

1

i
2A2 hop

FIG. 2. (@) E vs g(E). States withinEy,,, andE(c) are avail- o=0g exfl —aR—- B(E—Ep)] 1)
able for hoppingb) A(c). With increasing exterA of the localized
states the number of available states, within a giRgg, increases.  with 8= 1/(kgT), and o, a prefactor. The optimal hop en-

The typical decay length of the electron densjfyis 1/a. ergy E and associated hop distanéeis obtained if «R

+B(E—Ef) is minimal or a(dR/IJE)g_ a+B=0 for E
seven orders of magnitude. At highdeviations from Mott's _& ~; o - .
law occur: the lowe samples reveal a stronger, and the high- E. leferentl.ajuon of~VN 1 1o E gives (&/aE)EF'AVN
c samples a weakéF dependence of, see Fig. 1. =0. The condition forE then becomes

Qualitatively, the strong dependence of can be under-

stood as follows. Due to disorder and self-trappifmm- a
larong, the electronic states are spatially localized and dis- —2(0V/&R)A=EQ(E) 2
tributed in energy ). Charge transport occurs by means of v
VRH. Two contributions tar(c) can be considered. First, in -
conjugated polymers the density @dcalized statesy(E) is ~ for E=E. These equations establish the optimal hopping en-
energy dependent as schematically indicated in Figergy E=E(B,Ef,A) and hopping distance R
2(a).>***" When filling such a DOS, more states within a =R[E(B,E,A),Ex,A], which yield the system's conduc-
given hopping energy = E,,— Er(c) become available and tjvity according to Eq(1). The conductivity depends arvia
this enhancesr exponentially. Also doping-induced states _ A andoy,.
nearEg result in a similar increase eof. Second, the size of To get more insight into these relations, let us Study the

the localized regi0n$at least a monomtrmay grow with dependence onvia EF and A exp||c|t|y
increasingc (and thusEg) as well. The rationale behind this

is that states at high are less strongly bound by the random
S ) dln(aloyg)
potential, i.e., are spatially more extendéds the number
of states within a given hopping distanRdrom these finite- ac 8
size localized sites increases with the localization volume, In(aloy) dA
see Fig. &), o increases strongly as well. Note thabf the n (&)
B.Ep

(&In((T/O'o)) dEF
B.A

JEE dc

3

high-c samples is only an order of magnitude below Mott’s IA dc’
minimum metallic conductivity at higfi, i.e., a point model

of the localized ;tates cannot be expected to hold. ~ Using Eg. (1), at optimum the first term on the right

_For the peculiafm depende_nce ofr, We_have to keep in can be rewritten as— a(f9~R/(9EF)B,A—B(ﬁEMEF)B,AJFﬂ

mind that at lowc the hopping energy is relatively large ~ B o~ ~ ~
since g(Eg) is low. If g(Ep,)>g(Eg), more states are _“(ﬁR/aEF)EvA:“(aR/‘?E)EFYA(aE/‘?EF)ﬁYA_ﬁf‘?E/
available for the hopping process than expected for consta@tEg) 5 o+ 8 = — a(JIRIIER)g o+ B=B[1— g(Ep)/g(E)].%
g and also nearest-neighbor hops become more impoiant: |n the last step we used the explicit dependencR oh Ep
will be activated(e.g., forc=0.01 the activation energy is via V(E,E;), which leads to {RIIEF)z a=V2g(Eg) (dR/

around 0.5 eV. At high ¢, g(Eg) is larger resulting in _ ; A
smaller hopping distances, and thus the nonzero extent of thaev)A (,Q/a)g(EF)/g(E). Following §|m|lar argume~nt3,
localized states comes into play: within a given hopping digWe rewrite the~second term a~s “@RmA)BfF_'B(‘?E/
tance more states are available and the hop activation ener@}i\)ﬁ,,;F = — a(dR/ 5A)E,EF - a(ﬁR/&E)A,EF(ﬁE/&A)ﬁ,EF
will decrease. This explains the weakeidependence of _ = _ = - A\ /
observed at higi and highc. f(ﬁE/aA)ﬁ'EF a(IRIIAE e, = all VO(A)/Vf(A

We now derive a VRH expression far(c) in a system +R)]. For the last, line we have to realize th& is
with an arbitrary shape af(E) and volumeV,, of the local- a function of V(E,EF) and A only, and hence 4R/
ized region. We consider a carrier located at the Fermi leveldA)\ (dA/ IV)g(dV/IIR)o=—1. We also made a more spe-
The squared wave function decays within a length {ih  cific assumptionV=\Vy(A+R)—Vy(A), still with arbitrary
point-site models W>A, andL=1/« is referred to as the V,, see above. The final expression for the dependence of
localization length The hopping probability depends expo- o/oy on ¢ then becomes

121203-2
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0.10 T
(&ln(a/(ro)) _ 1 1 a ool b .
ac 9(Er) g(E S ’
B F g(E) % II n -0.1+¢ o
1 1 JdA o RS ¢
T LI T LA o Sl e
VH(A)  Vi(A+R)|dc S o.0s| o} N
E ! w -0.3r
where we replacediEg/dc in Eq. (3) by 1ig(Eg). This 4 Q’ w °
expression is particularly suited to illustrate thedepen- o )/ 04t  ®
dence ofo. In the limit of low doping[ A<R, henceV;(A % d
+ﬁ)>V6(A)], the last term reduces te(dA/dc) or o 000k . 'O'Sf
«exfd aA(c)]. At sufficiently low temperature, we can replace ) 0.1 0.2 0.01 E 0.1
the differenceg(Er) —g(E) by (E—Eg)g’(Eg) which can c 9(Ep)

be neglected. It means that Mott’s formula is recovered: FIG. 3. (a) g(Ef) as a function of doping level(Eg) is cal-

ACC) e [To(c)/T] V4 culated from Eq(5) (open circlesand from the model discussed in
o=0og(c)eA e[l (5)  the text(closed squares(b) (Er— Ere) Vs g(Eg). Data are scaled

. . i, . to reproduce the activation energy of 0.5 eV deduced from the high-
A(c).
with the important addition of the fact@*™®: At a given 1 13 forc=0.01, see Fig. 1.

temperature, the growth of the localized regime determines
for an appreciable part the increase in conductivily. the )
limit that Vo(A) can be neglected compared (A + R), eV monomer.g(!EF) v.alues from‘l_'o (squaresand the fits to
the exponential prefactor of Ed5) also directly follows the full expression given aboveircles agree when we ad-
from the usual Mott argument, if we replace the hoppingJU_St the proportlongllty constant to 12, which compares well
variableR by A+R. Outside the localized region the wave With theoretical estimates.The found dependence g{E)
function ¢ [see Fig. P)] decays similarly, but inside it onc is almost linear; the drawn line in Fig(& corresponds
grows with the same exponential factor as added in(83.  © 9(Er.C)=0.6c. The energy density of states per mono-
A power-law dependence af on c, as is often suggested Mer9m s function CC’fEF [see Fig. 8)] can be calculated
(and also found in our data, where around 206-KcP with ~ USING Erer—Ep=—J¢_ [1/gm(c)]dc, which follows from
p around 8, see Fig.)lthen implies a logarithmic depen- dEg/dc=1/9,(Eg). The values found are too high to be
dence ofA on c. If the first term in Eq.(4) dominates, ex- realistic(order of eV}, which is not surprising in view of the
pected forg(Eg) <g(E) relevant for a Gaussian or exponen- crude assumptions madespecially the value ofr enters
tially growing density of state$? gc/dIn(ofoy) is a direct ~ strongly. We scaled the energy scdleertical axis in Fig.
measure of(Eg). 3(b)] to reproduce the activation energy of 0.5 eV found
We now apply this model to reconstruct thelependence from the highT data ofc=0.01, see Fig. 1. Note that an
of A and the density of states as functid®: for the increase ofg with ¢ might also result if dopants introduce
FeCk-doped PPV. To obtain an analytic solution, we assumedditional sites or energy states to which hopping can occur.
a (nearly constant density of state§(E,Eg)~(E—Eg)g If so, the reconstructed dependenceg6E) on c, shown in
and spherically symmetric volumeég=Vy(A+R)—Vy(A) Fig. 3(@), remains valid, but the plot d versusg(Eg) loses
with Vo(A)=(47/3)A3. Under these conditionsy N~1 its validity as it requireg(E) to bec independent.
gives E— Ep) = (A+R)(al4mgB)°S while Mott's criterion Although the almost linear increase gfEg) with ¢ ex-

= _ =3, A3 2% =2 _ plains theT dependence at low temperature, it cannot explain
leads to £~ Er) =3[4mg(R™+ A"+ 3AR+3ART]. Sub the strongc dependence of the data or the deviations at

tracting these two equations givRsand by substitution oR  higher temperature. For that purpose, not only the increasing
in E—Er we obtaino from Eq.(1).”* The fits shown in Fig.  values ofg(E) but also ofA with ¢ have to be taken into
1 are based on this solution, which for an appreciable ranggccount. Alsar, is expected to depend slightly @pe.g. for
in ¢ (the lower valuesand T (lower temperaturgshas to g flat density of statesy>g(E,E¢)¥2% Here we took its
coincide with the predictions of E@5). value constant ¢,=2x10° S/m). TheA values, see Fig.
Figure 3a) showsg(E) as function ofc according to Eq.  4(a), range between 1 and 5 nm and follow the logarithmic
(5) with kgToxa3/g.** The Ty's are obtained from the low- dependence expected from the power-law behavior seen in
temperature tails in Fig. 1. The values for=0.01, 0.02, the inset of Fig. 1. Using voltage modulated millimeter-wave
0.03, 0.06, 0.08, 0.10, and 0.17 are, respectively, 1.8pectroscopy on light emitting diodes of chemically undoped
X108 K, 1.2x1CPK, 7.5x10°K, 54x10°K, 3.3 PPV, a similar localization volume was fouftIWithin the
X 10" K, 3x 10’ K, and 2.4< 10’ K, while a rough estimate model, a saturation oA at high doping levels is not surpris-
atc=0.005 gives a value of the order of X80%. Absolute ing as the localized regions start to consume the total avail-
values ofg(E) require an estimate af~*, which is taken as  able volume of the polymer. At low doping levels, the satu-
0.2 nm?* the volume of a monomer (1 ninand the propor-  ration length is set by the conjugation length of at least a few
tionality constanthere we take 12 as will be justified later monomers along the chain and a monomer in the perpendicu-
With these values, T, of 10° K corresponds tog~1 lar direction; because anisotropy is not included in this
X 10™ states/mJ. This converts tog~2x10 2 states/ simple model, the effective size has to exceed that of a

121203-3
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: 107, e 7 andT dependence aof in conjugated polymers such as PPV,
al potd of E it is essential to take the dependence of botg(E) and A
€ Ib’,-" . s ] into account. The derived equations are valid for an arbitrary
£ - £ 50 1 DOS. For a quantitative description of the data set, which
<,| e | AL o * o oxp ] covers a wide range in and T, Eq. (5) is a good starting
_..-;" © e O gfixed] point. The growing values oA and g contribute equally to
o’ o Afixed, the increase by about eight orders of magnituderiif ¢
o ol ] changes from 0.01 to 0.1. These results are not only impor-
0.01 c 9 0.01 c ™ tant from a fundamental point of view, but for applications

dealing with highly conducting polymers as well. It still re-
FIG. 4. () A(c) from the fits in Fig. 1 withoco=2Xx10> S/m  mains a challenge to relate the extracted parameters to a

[fOI' g(C), see Flg 3 The dashed line accounts for the saturation atspecific microscopic model for the conduction in these sys-
low- and highe values; the dotted line is the logarithmic depen- tamsg (e.g., metallic islands, extendei)polaronic states,
dence, expected from the power-law behavior in the inset of Fig. letc). The present study provides additional boundary condi-
(b) The contributions tos(c) from the ¢ dependence oA with tions on such refined models, although complete testing
fixed g and g with fixed A at 200 K. S ' . .

would require input from other experiments, such as optical

. o spectroscopy, which probe the charge transport on shorter
monomer. In Fig. &), we compare the contributions gfc) length and time scales.

andA(c) to o(c) for T=200 K, where we kept the values at

¢=0.06 as turning point: ther(c) values were calculated We would like to thank B. Verberg of Leiden University,

using the calculated values gf{A) with A(g) fixed to 3.5 M. de Jongh and L. J. van 1Jzendoorn of the Technical Uni-

nm (g=2.4 14 m?3J). Both contributions appear to have a versity of Eindhoven, and H. Schoo of TNO Eindhoven for

similar effect. their participation in part of this work and FOM-NWO and
In short, we have shown that for an explanation of ¢the DPI for financial support.
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