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Temperature and field dependence of the mobility of highly ordered conjugated polymer films
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The transport properties of organic light-emitting diodes in which the emissive layer is composed of highly
ordered conjugated polymers have been investigated. We have performed simulations of the current transient
response to an illumination pulse via the Monte Carlo approach, and from the transit times we have extracted
the mobility of the charge carriers as a function of both the electric field and the temperature. The transport
properties of such films are different from their disordered counterparts, with charge carrier mobilities exhib-
iting only a weak dependence on both the electric field and temperature. We show that for spatially ordered
polymer films, this weak dependence arises for thermal energy being comparable to the energetic disorder, due
to the combined effect of the electrostatic and thermal energies. The inclusion of spatial disorder, on the other
hand, does not alter the qualitative behavior of the mobility, but results in decreasing its absolute value.
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[. INTRODUCTION initial model was a simplistic one, with the film morphology
reduced to occupied sites of a two-dimensional lattice, the
Conjugated polymers, which derive their semiconductingvariation of the hopping probability with the field being
properties from delocalizedr bonding along the polymer rather crude, and there was no temperature dependence.
Chain-} enable Cheap, ||ghtwe|ght, portab|e’ and |arge areé"@l'e, first we have extended the model to allow the detailed
displays, with promising applications for solar cells anddescription of the geometry of the polymer film, so that vari-
photodetectoré-* Since the first observation of polymer ous film morphologies, similar to those appearing in realistic
light-emitting diodes(LED's)®, detailed investigation of the Systems, can be considered. Second, we have explicitly in-
aspects of Chemistry, physicsy and engineering of materia@luded all parameters of interest, such as the electric fleld,
has resulted in rapid progre%dn order to commercialize temperature, and disordéroth spatial and energetic
polymer devices, high efficiencies, brightness, and carrier The aim of the present work is to probe in detail the field
lifetimes are required.It is, therefore, essential to fully un- and temperature dependence of the mobility in highly or-
derstand the fundamental physics of electrical transporéered conjugated polymer films. In particular, we discuss the
through conjugated polymers. For a recent review see Ref. @ffect of the electric field on the interchain mobility of such
Previous theoretical studies have dealt with strongly disPolymer films, and we attempt to explain the weak depen-
ordered Organic materials, in which Charge transport igjence on the field. The interplay between electric field and
mainly attributed to hopping-** The charge carrier mobili- temperature on the transport characteristics is also examined.
ties of such systems are low and exhibit a strong temperatur&e begin our investigation with spatially ordered films in
and electric field dependence. However, large carrier mobiliwhich all polymer chains are perfectly aligned perpendicular
ties are genera”y h|gh|y desirable. Most recenﬂy, measureto the direction of the field. The additional effect of Spatial
ments in light-emitting diodéé'* have demonstrated en- disorder in the film configurations on the transport properties
hanced carrier mobilities, varying only weakly with the of such films is also considered. To account for the chemical
electric field, for devices characterized by high degree ofegularity and the extended backbone conjugation we have
order in the polymeric material. This weak dependenceincluded only a small amount of energetic disorder.
which contradicts the theoretical predictions, has been attrib-
g:ggdto the purity of the polymer films, but is not yet under- Il. THE MODEL
This realization has motivated us to investigate the trans- In order to investigate the transport properties of charge
port properties of highly ordered conjugated polymer films incarriers moving within a highly ordered polymer film, we
which the chains are aligned perpendicular to the direction ohave performed numerical simulations of the TOF technique.
transport. In a previous papéme looked into the character The system under study contains a polymer film sandwiched
of transport through such polymer films. By employing thebetween two electrodes, and charge carriers are generated on
Monte Carlo technique, we showed that it is possible to obone side by illumination of the electrode with an intense
tain nondispersive transport in such systems. This observgulse of light of short duration. The photogenerated carriers
tion is in agreement with time-of-flighfTOF) experiments move within the bulk of the film under the effect of an ex-
conducted on liquid-crystalline polyfluorene filtts>which  ternal bias, whose sign determines the type of the charge
demonstrate nondispersive hole transport with enhancechrriers whose transport is studied.
charge carrier mobilities compared to previously examined The film is composed of conjugated polymer chains of
conjugated polymers. Moreover, we established the condiength L=100 nm, which are nematically aligned perpen-
tions under which such transport is retained. However, oudicular to the direction of the electric field. Based on the
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extended backbone conjugation of liquid-crystalline poly-ment of y as a constant is regarded a good approximation,
mers, such as polyfluorene, that makes them stiff, and owith the advantage of requiring much less computer re-
bond vibrations being of very high frequency and low am-sourcesg; is the on-site energy of siieand is taken from a
plitude, we have assumed that the polymer chains can b8aussian distribution

described as rigid rods. Thus, the chains are represented in

the simulation as straight lines of length and they are 1 om

subdivided into a numbar of conjugated segments to mimic p(e)= P expl—e“/20°) (©)

a real polymer chain, with each segment representing an in- g

dividual transporting site. whose widthe determines the degree of energetic disorder

The chains are distributed within a three-dimensional ﬁlmpresent in the film. Notice that in EqZ) there is no other

according to the desired morphology. The thickness of theyctivation energy except the difference in the electronic site
film in the direction of transport has been taken equaﬂ to energies a carrier has to overcome during each Jump Equa_
=1 pm, since relatively thick films are required for TOF tjon (2) satisfies the principle of detailed balarfée.
measurements. The thickness is taken to be along( tthe The hopp|ng motion of the Charge carriers under the in-
rection, which is also chosen as the direction of the appliegjuence of an applied electric field can be both interchajj (
electric field. Then, periodic boundary conditions are appliethelong to different chainsand intrachaini(j belong to the
along the other two directions for the construction of thesame chaip Intrachain charge motion is considered to be a
film, and the electrodes are situatedkat0 andx=d. very rapid process compared with the interchain he.
In the following, various film morphologies have been poreover, it was recently shown that in highly ordered poly-
inVEStigated. The first film CompOSition considered is one i%er films interchain hopp|ng accounts for nondispersi\/e
which the chains are all aligned parallel to the electrodes anﬁansporﬂs Hence, the most important aspect of the transport
to each other, at fixed interchain distanéegularly spaced s assumed to be the interchain hopping. Nevertheless, we
Another possibility is the case of irregularly spaced chainshave included intrachain motion in a very approximate fash-
in which the chains are again parallel to the electrodes and tgn. At the beginning of a Monte Carlo time step, each
each Other, but the interchain distance between any tW@harge is allowed to perform an intrachain hop to a neigh_
chains varies randomly between a minimum and a maximunoring segment on either side, chosen at random. As soon as
value. Fina”y, we examined the case in which the chains arﬁ']is intrachain Jump is performed, an interchain hop imme-
not in perfect alignment, but each one points in a differentdiate|y follows, based on Eq$l) and (2), to conclude the
direction (orientational disorder In other words, the chains transport step’
are not parallel to the electrodes anymore but appear at & Charge carriers, assumed to be holes since electron trans-
random angle with respect to the axis of perfect alignment. port in polyfluorene is highly dispersivé, are initially
Both the random inter-chain distances and the random anglegaced within a thin region of widti#x close to the left-hand
in the case of orientational disorder are taken from a uniformjde of the film. This is analogous to the way in which charge
distribution. carrier pairs are generated by a pulse of light in the TOF
Hopping motion of the charge carriers under the influencgechnique. The choice dix is arbitrary, but it should be very
of the electric field is assumed, which in general can behin compared to the overall film thicknedsThe number of
either intrachain or interchain. This is described by theggrriers placed between=0 andx= &x is also chosen arbi-
Monte Carlo technique, in which the carriers perform ran-arily. The larger the number of carriers used in a sample,
dom walks within the bulk of the film until they reach the the smoother and more accurate the simulated TOF plot is. If
collecting electrode. The probability of hopping between tWOpnly one charge is allowed per segment at any tichee to

sitesi andj is equal to Coulomb repulsion considerationghen if 6x is large, the
carriers neax=0 are forced to remain in their initial posi-
P =D E . (1)  tions until the carriers on the right-hand side of the charge
1) plj e plj 1 . . . .
i#] packet have moved further into the film, causing an unphysi-

cal broadening of the charge packet. An example of the path
a carrier follows is illustrated on Fig. 1.
The drift of the photogenerated carriers under the external
gj—&—€E-rj bias results in a time-dependent curré(t, which includ-
pij = 7®(rco_rij)exl{ T kT ) (2)  ing the displacement current reatls

wherep;; is the unnormalized hopping probability, which is
taken to be of the form

wherek is the electric fieldr;; is the relative position vector, d (d X

kg is the Boltzmann factofT is the temperaturey is a mea- ()= ﬁfo dxp(x){ =1/, (4)
sure of the electronic wavefunction overlap, and the Heavi-

side step function® denotes nearest-neighboring hoppingwhered is the film thickness, and(x) is the charge density
within a cutoff distancer,,=10 A. Here,y is constant al- in the direction of transport, integrated over thandz di-
though it is more common to assume that it exhibits an exrections. To obtain Eq(4), it is assumed that there is no
ponential variation with distance®® In our case, however, conduction current leaving the devicesat0, thus, at the
we are addressing systems with little spatial disorder and welectrode at the illuminated side of the device. From the cur-
explicitly include the film morphology. Therefore, the treat- rent transient the transit timg, which is the time the car-
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FIG. 1. Typical paths for carriers across a film of with no ener-
getic disorder aff=100 K andT=300 K, with applied electric
field E=3x10° V/m. A pictorial representation of the film struc-
ture is included in the inset.
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FIG. 3. Current transient fof =300 K andE=3x10° V/cm.
Curve (a) corresponds to the case of no energetic disorder g;
=0), and curve(b) corresponds toe=2. Curve (a) has been

riers need to reach the discharging electrode, is obtained. W'ftéd along they axis for clarity.

then use this extracted transit time to get the mobjlityia
the relation

rFEL )

IIl. RESULTS AND DISCUSSION

asa=o/kgTy andT,=300 K. The calculated current exhib-
its the typical behavior of a time-of-flight signal, with a dis-
tinctive plateau followed by a decaying tail, thus showing
nondispersive transpoff. From the current plot we obtain
the transit timet+, which is required for the calculation of
the mobility, by using the current integration modé.The
latter gives the transit time as the point at which the current

We present results for the charge carrier mobilities offas fallen to half its value in the plateau region. In Fig. 2 the
highly ordered conjugated polymer films, obtained by usingransit time is indicated by the arrow.
the Monte Carlo model described in the previous section, [N most experimental time-of-flight signals, the current

Unless stated otherwise, all inter-chain distances are equal

transients initially exhibit a spike, which rapidly merges with

10 A. The output of such calculations is the current transienttn€ plateau. However, in our results such a pronounced peak

Eq. (4), which arises from the application of the external
bias. In Fig. 2 we present a current transient from our nu
merical simulations for electric fieldE=3%x10° V/cm at
room temperature, and for disorder 2, wherex is defined

0.02

0.015

0.01

I (arb. units)

0.005

0 10 20 30 40
t (arb. units)
FIG. 2. Current transient for energetic disorder 2, with E

=310 V/icm, andT=300 K. The transit time is indicated by
the arrow.

is missing due to the low degree of disorder present in our

system, and in particular near the injecting electrode. The

absence of a spike is consistent with previous predictions for
the transient currerft, if all charges are at a positior
=vt, wherev is a constant velocity antis the time elapsed
from the generation of charges. A demonstration of the effect
of purity in the initial peak is presented in Fig. 3. Curi@
shows the current transient for a film with no energetic dis-
order at all ;—&;=0, for alli andj), whereas curveb)
corresponds to the case @&=2. Curve(a) has been shifted
along they axis for clarity. Upon illumination of the elec-
trode, the simulated photogenerated charge packet begins its
motion within the film. In the case of no energetic disorder,
the packet could be approximated bysafunction moving
within the bulk of the film with constant mean velocity. If
some disorder is introduced into the system, the propagating
packet will become more extendé@aussian shapeand the
carriers will no longer move together. The resulting change
in the charge profile produces a spike in the current transient,
as shown in curvéb), even though the disorder that we have
considered is too small to give a pronounced peak. Addition-
ally, spatial irregularities near the injecting electrode would
lead to broader peaks, similar to those observed in experi-
ments.

The current peak shown in Fig. 3 is very small compared
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FIG. 5. The logarithm of the mobility Ing¢) as a function of/E
and for various temperatur@s The energetic disorder is=2. u is
in arbitrary units.

FIG. 4. The logarithm of the mobility Ing) as a function of/E
and for various temperatur@s The energetic disorder is=1. u is
in arbitrary units.

unlikely both due to the physical presence of the intermedi-
with peaks observed with the simple two-dimensional modehte chains which should be passed by the charge carriers and
previously used® The arbitrarily chosen hopping probabili- to the rapid decrease in hopping probability with distance, as
ties in the initial approachi corresponded to a large amount discussed in the previous section. Despite the fact that a mo-
of energetic disorder. In the present case, on the other hanfility which decreases as the field becomes large might seem
the explicit inclusion of the disorder parameters in the hop-unphysical, it has already been observed experimentally for
ping probability permits the control of the strength of the aligned polyfluorene films quenched into a nematic gtass.
disorder so that lowr can be considered, which gives small Nevertheless, this is a point that needs to be further investi-
peaks. Moreover, the explicit treatment of the film geometrygated both theoretically and experimentally.
in this work prevented the appearance of spatial irregularities In Fig. 5 the logarithm of the mobility is shown as a
near the electrode present in the discrete two-dimensiondlinction of \E and for the same range of temperatures as
model. previously, but for disordesx=2. In contrast to Fig. 4, lp

By identifying the transit times from the current transientsnow exhibits a positive gradient at all fields. For small values
for various values of the external electric field and for differ- of T the thermal energy is not adequate to enable the carriers
ent temperatures, we have calculated the mobility by usingo surmount the energy barriers, and the electrostatic energy
Eq. (5. Figure 4 shows one set of such resultsder 1. In becomes important. la increases with the field as the elec-
this graph the logarithm of the mobility, Ip(), has been trostatic energy permits the carriers to follow shorter paths
plotted as a function of/E for temperatures in the range of within the film. Nevertheless, for larger temperatures, the
100 K to 350 K. In this figure we see that for low tempera-energetic disorder is less important, and the thermal and elec-
tures Inw shows a more pronounced dependence/ trostatic energies have similar contributions. Thus, the strong
with a slight increase at low fields, which switches to a de-field dependence seen in more disordered systems is
crease at larger values of the bias. As the temperature irsmoothed out and the carriers move with a constant velocity.
creases, and, thus, the thermal energy becomes comparaiialirect comparison with experimental d&ahows that our
to the energetic disorder, this variation disappears and thealculations for the mobility at room temperature and dor
mobility changes only weakly with the field. The reduction =2 lead to the same qualitative behavior.
of the mobility at large electric fields and at all temperatures Figure 6 shows the behavior of the mobility as a function
is the outcome of the saturation of the transit time, since thef temperature. The circles correspond ée=1 and the
electrostatic energy is sufficient for the charge carriers tsquares tax=2. In the former case, In decreases witfl’
move fast enough and exit the film at the minimum numberfor both small(filled circle and large(open circle} electric
of time steps required. fields. Energetic disorder is relatively small so that the ther-

This saturation ot; comes from the Monte Carlo algo- mal energy dominates, and the charge carriers take longer to
rithm, which effectively limits the maximum speed of a exit the film, following larger paths. Hence, the mobility de-
charge to a value equal to the inter-chain distance divided bgreases with temperature. This is analogous to carriers being
the time associated with a Monte Carlo step, and it is absergcattered by phonons in conventional semiconductors. When
from a treatment based on band transport. In a realistic sysr increases, on the other hand, we see that at a low electric
tem at large fields, it might be possible that the mobility field the mobility increases with temperatufi#led squares
would increase if carriers could execute several hops iwhereas for a larger field |n decreases withT (open
quick succession. However, hopping across several chains sguares For small fields, thermal activation is the leading
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FIG. 6. The logarithm of the mobility In¢) as a function ofT. for various temperatures for irregularly spaced polymer chains.
The circles correspond t@=1, and the squares toe=2. The filled  The lines are a guide to the eye. The energetic disorder is equal to
symbols are folE=2.6x 10° V/cm, and the open symbols are for «=2. u is in arbitrary units.
E=4.6x10° V/cm. u is in arbitrary units.

though in both regularly and irregularly spaced polymer

mechanism for the carriers to overcome the energy barrierdilms, Inu varies only slightly with the electric field, the
Nevertheless, the energetic disorder is still weak and at largtroduction of some spatial disorder leads to a reduction of
fields longer paths due to the excess thermal energy prevaih . In the latter case, the charge carriers require more time
as before. This is an important result because it shows how reach the discharging electrode as some nearest-
much the mobility is affected by the interplay between elecneighboring chains appear in distances larger than 10 A.
trostatic and thermal energy in the case of small energeti®uch jumps are prohibited, and the carriers must find alter-
disorder. A similar behavior of the mobility as a function of native paths that might be longer. This would lead to greater
temperature has also been observed in other types of polyransit times and, therefore, to smaller mobilities, as seen
mers within a master equation approdthalthough in that from Eq. (5).
case the crossover appears to occur at the same field for all When the spatial disorder is retained and the energetic
temperatures considered. Moreover, at these small amoundssorder is increased, ja decreases even more. Moreover,
of energetic disorder changes ingdnwith temperature are its qualitative behavior approaches the disordered limit, with
also weak. a stronger dependence ofgnon the electric field. This is

Nevertheless, this crossover from increasing to decreasinghown in Fig. 8, in which I is plotted as a function of E
mobility with temperature is not observed if we depart fromand at room temperature for an irregularly spaced film, for
the equidistant chains arrangement. In Fig. 7 we showds  two different strengths of energetic disorder. The diamonds
a function of VE and for various temperatures, for a film in correspond tax=2, and the circles tar=3. The lines are
which the chains are still all nematically aligned, but at in-drawn as a guide to the eye. Not only are the charge carriers
terchain distances that vary randomly betw@eA and 13 A obliged to avoid large interchain distances, but also they
(irregularly spaced chaihsThe disorder strength =2, as  have to surmount larger energy barriers. In this case, the
in Fig. 5. A line has been fitted to the simulation data pointscharge carriers rely mostly on the electrostatic energy as a
to guide the eye. Hopping is only allowed between nearessource for the energy required to overcome the barriers, simi-
neighbors within the same cutoff distance as befda@ A), larly to previously examined disordered filtfs.
discussed in the previous section. When the chains are ir- From the above discussion it is understood that the weak
regularly spaced within the filnfFig. 7) the mobility is en-  field and temperature dependence oflin the case of or-
hanced with temperature for all values of the electric field, aglered conjugated polymer films originates from the low en-
was shown in recent measurements of polyfluorene fifins. ergetic disorder present in the film. The addition of spatial
This behavior resembles that of strongly disordered polymedisorder, by irregularly spacing the chains, does not affect
films.® However, in our case the increase of the mobility with this dependence, but only results in the reduction of the ab-
temperature arises from spatial irregularities in the arrangesolute value of the mobility. Nonetheless, it is possible that
ment of the chains within the film. The distribution in the another form of spatial disorder might be present in such
relative position vector leads to variations in the electrostatidilms, and this is the existence of chains which deviate from
energy[Eq. (2)], so that thermal activation dominates, and perfect alignment. In other words, it is possible that during
the field dependence of n remains weak for all tempera- the formation of such polymer films, some chains might ap-
tures. pear at an anglé with respect to the axis of alignment. We

Comparison between Figs. 5 and 7 also shows that, evelmave examined this case by assigning in our simulations a
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04 . . . dependence on the field and the temperature. Unfortunately,
we cannot make any comparisons as to whether the mobility
R increases or decreases with respect to the perfect alignment
< case, since our simulations for the randomly oriented case
have been performed for films with thickneds-0.5 uwm.
0.3 1 1 Although such film thickness might be considered small for
real time-of-flight experiments, we believe that our calcula-
2 < a=2 tions are able to represent the qualitative behavior of the
£ 0 0=3 mobility for films that show deviations from perfect align-
02 | | ment.
. O -0 -0 IV. SUMMARY AND CONCLUSIONS
7,,@,—@”9 In this paper, we have presented calculations of the inter-
0.1 = : : : chain mobility of charge carriers through ordered polymer
300 400 2?'?(V/cm)'§2oo 700 800 films, by employing the Monte Carlo technique. In particular,

we have investigated the effect of low energetic disorder in
the electric field and temperature dependence of the mobility,
in order to account for the weak dependence observed in
experiments. Initially, films with no spatial disorder were ex-
amined. Our numerical simulations have shown that for rela-
tively clean systemsg=1, the mobility decreases with the
field, as a result of the saturation of the transit time by the
lectrostatic energy. Nevertheless, this behavior is difficult to

FIG. 8. The logarithm of the mobility. as a function of/E for
irregularly spaced polymer chains, far=300 K. The diamonds
correspond tax=2, and the circles tae=3. The lines are a guide
to the eyeu is in arbitrary units.

random value of this anglé to each chain. The chains were

also positioned in random interchain distances, as in Figs. bserve experimentally and a higher amount of disorder
and 8. ,

Figure 9 shows the outcome of such calculations in:2’ was requ%'?gd to achieve qualitative agreement with
hich 6 varies randomlv between 0° and 5°. The lo ar.t’hmexperlmenté.' : When the thermal energy is not e_nough
wh varles T Y . ' 9antiMsor the charge carriers to overcome the energy barriers, the

of the mobility is plotted as a funct|oq OI/E for various oo crostatic energy becomes important ang lincreases
temperatures, as before_, with energetic Q|sqme|2_ The \ith the field. The weak field dependence of the mobility
lines are drawn as a guide to the eye. This figure shows th

. S ) ises from equivalent contributions from the thermal and the
In u is only weakly dependent on the electric field, and in-gjacrostatic energy when the thermal energy is comparable

creases with temperature, in a similar fashion to the case gf o energetic disorder.
perfect alignment. Hence, the inclusion of an extra form of = 1,4 interplay between energetic disorder and thermal en-

spatial_ disorder doe_s_ not seem to influence the qualitativgrgy also appears in the temperature dependence of the mo-
behavior of the mobility, and stresses the importance of lowyir ot 5 given electric field. For low energetic disorder,

energetic disorder as the factor that determines the degree of 1, the mobility decreases with temperature at all fields, as
is commonly seen in crystalline conductors. For larger ener-

0.60 . . . . getic disordera=2, and for constant interchain distances,
© T=200K the mobility increases with temperature for small fields, but a
055 | o T=250K i crossover to the opposite behavior appears at larger fields.
o T=300K This result is another demonstration of the combined effect
> T=350K of the electric field and the temperature on the mobility of
0:30 [ i charge carriers through spatially ordered polymer films with
N low energetic disorder.
2 045 ¢ R e Ll el - ] When spatial disorder is taken into account, in the form of
- g—8—80 0 g U087 randomly varying interchain distances, the observed cross-
0.40 |- 00 Py @O0 _ over from increasing to decreasing mobility with temperature
o & B oo is no longer present. Instead, the mobility always increases
O - & . . .
035 | o | with T, as was seen in the experlme?ﬁsBe'c.ause of the
e presence of a distribution of the relative position vectors, the
effect of temperature is now enhanced, even though the mo-
0.30300 460 560 660 760 300 bility is still only weakly dependent on the electric field.

E"*(Viem)"”

Similar behavior was also observed in films in which the
chains deviate slightly from perfect alignment perpendicular
to the direction of the electric field.

FIG. 9. The logarithm of the mobility. as a function of/E and
for various temperatures, for randomly oriented and irregularly
spaced polymer chains. The energetic disorder is equal=#@.
The lines are a guide to the eye.is in arbitrary units.

Finally, our numerical simulations have helped us to dis-
tinguish between the effects of energetic and spatial disorder.
Low energetic disorder, thus high chemical purity of the
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chains, is responsible for the weak dependence of the mobitnake predictions about how many orders of magnitude the
ity in the field. The inclusion of spatial disorder, associatedmobility might increase or decrease.

with irregularities in the arrangement of the polymer chains
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