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Electron transport and dectrical properties in
donor-acceptor copolymersmethanofullerene
derivative blends
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The bulk-heterojunction photovoltaic devices fabricated from blends of donori acceptor (Di A) copolymers as electron donor
and fullerene derivatives as electron acceptor have recently attracted considerable attention. In this paper, the electron
transport and electrical properties in the blends of Di A copolymer DTS-HT-Co(F2) and methanofullerene derivative PC7:BM
are investigated. From an analysis of the temperature dependence of the current density-voltage (J - V) characteristics of
electron-only device based on the blends of DTS-HT-Co(F2) and PC71BM, it is found that consistent descriptions for the
experimental measurements are obtained using both the improved extended Gaussian disorder model (IEGDM) and the
extended correlated disorder model (ECDM), within which spatial correlations between the transport site energies are absent
and are included, respectively. By comparing the model parameters with the typical values of organic materials, we view the
more realistic intersite distance obtained using the IEGDM (3 nm) compared to the value obtained using the ECDM (0.78 nm)
as an indication that in the DTS-HT-Co(F2):PC7:BM blends correlations between the transport site energies are absent.
Furthermore, it is shown that the effective mobility in the DTS-HT-Co(F2):PC71:BM blends gradually increases with increasing
temperature.
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1. Introduction thiophene4,9-dione (G(F)) acceptor unit shows a PCE of
7.30% in combination with [6,6phenyl-C71-butyric acid

Organic photovoltaics (OPVs) have been expected tanethyl ester (PGBM) as an Hype material [14].
provide nextgeneration energy sourcegdauseof their However, investigatiorof the device operation revealed
advantages likéow cost,flexibility, low weight,and ease that the hole mobility of theDTS-HT-Co(F.):PC1BM
of processind1-6]. The most pominent breakthrougfor blend film is relatively low as compared to the electron
high-performance OPVs was based on the conoém  mobility, which resticts the PCE to a moderate levéb
bulk-heterojunction (BHJ) structure in the organic active enhance thdole-transporting characteristicthey further
layer, which comprises a blend ofeconjugated polymer introduceda 3hexylthiophene (HT) spacer urietween
as anelectron donor(p-type) and a methanofullerene DTS and G(F.), resulting in a new BA copolymer
derivative as an electron acceptor(n-type) [7, §. To DTSHT-Co(F2). OPVs based onthe blend of
increase thepower conversion efficiencies (PCEs)ith DTS-HT-Co(F2) and PG:BM show an improved®CE of
regard to the electronistructure designp-type materials  9.12%[15]. But evenso, OPV devices consistingf D-A
should fulfill the following requirements: a reduced band copolymers with ahigher PCE are still limited. To
gap to broaderthe absorption range alarlight and a  improve upon the performance of such devidesther
low-lying highest occupied molecular orbital (HOMO) understanding of the underlying physics of charge
energy level toincrease the opetircuit voltage [8]. transport becomes important, as the mobility ofie
Therefore, thedevelopment of dondfacceptor (DJA) generated charge carriers is one of the key factors that
copolymers, whictconsist of alternating electraith and  decide how efficiently the charges can escape
electrondeficient unitshas becomessential for efficient recombinatiorand be extractefd6-19].
photovoltaicapplication, since it enables managofdight The charge carrier mobility irdisordered organic
harvesting propertieand energylevel alignment[9-13]. semiconductorsis ddermined by hopping between
Recently, Le et al. have reported thatDHA copolymer  localized statesDuring the past two decadesarious
DTS-Co(F2) consisting of dithieno[3;D : 2-d]sjloke’ approacheswere proposed to calculatehe mobility
(DTS) donor unit and fluorinesubstituted naphtho[26] function [20-25]. Seminal work by Bassler et alised
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Monte Carlo simulations,the random energies were
described by a Gasiandensity of states (DOS), leading
to the Gaussian disordarodel (GDM) RQ], within which
spatial correlatios between thdransportsite energiesre
absentAlternatively, t was suggestethat the presence of
dipole moments can give rise to spatiabrrelation
betweenthe site energies2fl], leading to the correlated
disorder mode(CDM). Later, it was realized that, apart
from the dependencef the mobility /77 on the electric
field E and temperaturel , there is also a strong
dependence on thearrier density p [22-25], giving rise

to extended versions of the GDM and CDM, the EGDM ar 2

[22] andECDM [23]. For the GDM and CDM, key issues
are the roles of the energetic disorder of $tetes where

improve upon the applicablangeof the EGDM, we
proposed ammprovedmobility model (IEGDM) [26]. In
particular the dependence of the zdield mobility on
the carriedensity p andtemperatureT is givenby

nT.p)= pimexpl (s - )g2pd) ] aa)

m(T) = meexpEs - 5%, (@b

IN($?- $)- In(in4) - a’n,e
§2 1 s 1

(19

with ¢ =048210°, ¢,=080, and ¢ =052. Where

the charge carrier hopping occur, assuming a Gaussiafy(T) is the mobility in the limit of zero carrier density
density of state (DOS) with random and spatially and zeroelectric field, $ 1 s/k,T is the dimensionless

correlated energetic disorder, respectiveélyrthermorejt
should be noted thatthe EGDM, only having
nortArrhenius temperature dependenccamot well
describe the charge transporthegh carrier densitiesln

disorder parameterS is the width of the Gaussian
density of states (DOS),a is the lattice constant
(intersite distange e is the charge of the carriers, and
n, is the attempto-hop frequency.The field dependence

order tobetter describe the charge transport, we proposedf the mobilityis included via

an improved modelwithin which the temperature
dependence ofthe mobility based on both the
nortArrhenius temperature depadence and Arrhenius
temperature dependendeading tothe improvedextended
Gaussian disordenodel (EGDM) [2€].

In this paperthe electron transport and tip@ssible
presence of spatially correlated disorden the
DTSHT-Co(F2):PC1BM blends areinvestigated.Firstly,

T, p,E) = nT, p)* "= explc,(g(T,E) - 1],

g(T.E) =[1+c,(Eea/s)°] %, (3)
where g(T,E) is a weak density dependent function,
C, and C; are weak density dependent parameters
given by

we perform a detailed analysis of the temperature

dependence of thecurrent densityoltage ( J - v)
characteristicsof electrononly device based on the
DTSHT-Co(F2):PC1BM blends by using the IEGDM and
ECDM. It is foundthat an almostequally good fit to the
J(V) curvescan be obtainedsing boththe IEGDM and

ECDM, but a more realistic value of the intersite distance

is obtained within the IEGDM3 nm) thanthatwithin the
ECDM (0.78 nm), which indicae thatin the blends of
DTSHT-Co(F2):PC1BM spatially correlatioa between
the transportsite energiesare absent.Subsequently, we
calculate and analyze the \variation of;- y
characteristics with the boundary carrier densibg the
distribution of carrier density and electric field with the
distance from the interfacef electroronly devicebased
on the DTSHT-Cy(F2):PC:1BM blends It is found that the
effective mobility inthe DTSHT-Co(F2):PC:1BM blends
gradually increases with increing temperatureThese
systematic investigations will provide importamsight for
the development of higherformanceOPV devicesdased
on D-A copolymeramethanofullerenelerivative.

2. Models and methods

Based omumerical transport simulations atmting
for hopping on a simple cubic lattice with uncorrelated
Gaussian disordethe extended Gaussian disorder model
(EGDM) has been developed IBasveer et al.2p]. To

c, =d, +d, In(pa®) (4a)

¢, =1.16+0.09In( pa®) (4b)
d, =287- 3635 " +4255? (5a)
d, =-0.38+0.195 +0.035* (5b)

Bouhassounet al.employed the same methodology
as inEGDM, but for anenergy landscape with Gaussian
disorder S thatresults from randomly oriented dipole
moments of equal magnitudm all lattice sitesleading
to the extended correlated disorder model (ECORE],
which can be describddy thefollowing expression

mT, p,E)=[(m, (T, p, E))q(S”) + (nZigh( D, E))q(§)]ﬂq(§) |

(6)
q($)=24/01- $), @)

with /1,(T, p,E) the mobility in the lowfield limit
(the average reduced fieldE, ., =€aE/s ¢1), and
with /70, \ P, E) the mobility in the higHield limit (the
average reduced fieldE, ., =eaE/s 2 1).

m (T, p,E)=m[M)a(T,p)f(T,E,p) (8
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where g(T, p) and f(T, E, p) are the dimensionless mobility. The solution of the coupled equations (ELp))

mobility enhancement function3hese functions can be with the above two models and the experimeidts

written as follows: measurements from ReflY] for electroronly device

R based onthe DTSHT-Cy(F.):PC1BM blends with

m(T) =1.0°10° mexp( 02%5°),  (9) various temperatures amisplayedin Figs 1 and 2,
respectively.lt can be seen from the figures that the

5 22 A 3\ 3 temperature dependenty - v characteristics of
ofT, p)zfexp[(0.25$_3+ O.73s)(2pa) I pa’<0.025 electrononly device based on the
[g(T,0.0Z& ) pa’2 0.025 DTS-HT-Cy(F»):PC71BM blendscan bewell describedy
both thelEGDM and ECDMusing a single set ahodel
(10) parameters, a=3 nm, s =0.091 eV,
g1 2QIn(O.5§2+1.4§)- 0.327 (11) m = 240m?Vs and a = 0.78nm, s = 0.103eV,
- &2 ' m = 710m?/Vs, respectivelyThe key parameters in both
the IEGDM and ECDM are thetrength of the energetic
f(T,E o> P) = ©XP[N(E,)(L05- 1.2(pa’)')) disorder, quantified by theidth of the DOS s , and the
(§92- 2)(\/“27511' 1] (12) average hopping site distanc@. The optimal fit values

of a as obtained from the IEGDM and ECDM are very
different, viz. 3 nm and 0.78 nm, respectively. The value
Yy=1, r($)=0.75"°", (13) of a found for the IEGDM is very close to the typical
. value of fillerenes and their derivativeslightly larger
within the very lowfield, OCE,<0.16* Erea,  than the result reported by Eersal al. for PCBM (2.54

h(E

red

h(Ered) can be written as nm) [29], and equal to the value obtained from the
&4 E,, (E.6Ewal2) EGDM by Kotadiya et al for ICBA (3.0 nm) P].
I3F o " red (14) However the value of a found for the ECDM may be
h(Ered)=!| & 4sE 2 considered as unrealistically smallhis suggests tham
Tg- 25 1§ u(E*red/2¢ E. ¢ E*,ed) the DTSHT-Co(F2):PC1BM blendsthe energies of the
te ScEw =y sites in between which hopping takes place are
2063 10° uncorrelated. The values obtained fors does not
Mign(P,E) ==————my(1- pa’)- (15 change this point of view. For disordered organic
. Bred - semiconductorsthe Gaussian density oftates S is
By using the above two mobility models, the- vV typically observed to fall in the range 0-06L6 eV, the

characteristis of organic electron devices can be exactly optimal values of S obtained within both models

calculated by numerically solving the following (0.09L eV for the IEGDM and 043 eV for the ECDM)
equationsadopting a particular uneven discretization 4o physically realistic

method introduced in our previous pap2r, 28].

J = Hx)eT, {x), BX)Ex),  (16) o | —

a=3nm
103 | 0=0.091eV

E = e p(x), (la)) ;Lo=240m2Ns 12 o
dx ge,
L
=R , 16c
V = R E(X)dx (16c)
where X is the distance from the injecting electrode,
L is the organic semiconductor layer thickness o :32?
sandwiched between two electrodeg,€ is the M 253K
permeability of thedrganicsemiconductas. A :?gi
3. Results and discussion 1 1.5 2
V[v]
For a system with Gaussian disorder, thebility Fig. 1. Temperature dependedtV characteristics of an
characteristics can be describeddwth the IEGDM and electrononly device based on DIST-Co(F2):PCr1BM

blends with a layer thickness 66 nm. Symbols are

experimental data from Ref.1§]. Lines are the

numerically calculated results based thelEGDM
(color online)

ECDM, which only use threeparametersthe width of
the Gaussian density efatedistributions , theintersite
distance a, and a mobility prefactors. The S

mainly controls its temperature andarrier density
dependence,a mainly affedsits field dependenceand
the mobility prefactor determines the magnitudetbé
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Fig. 2. Temperature dependedV characteristics of an

electrononly device based on DIET-Co(F2):PC7:BM

blends with a layer thickness of 55 nm. Symbols are

experimental data from Ref. [15]. Lines are the

numerially calculated results based on tREDM

(color online)

As a next step, we will perform a systematic study

for electrical properties of the DHIT-Co(F2):PC1BM
blends by using the IEGDM and numerical mettasl
described insection 2. The numerically calculatel
variations of j - i characteristicswith the boundary
carrier concentration{0) for electroronly device
based on DTHT-Cy(F2):PC1BM blends at various
temperaturs are plotted in Fig. 3The figure shows that
the voltageincreases with increasirtge current density
and the variation of voltage withf O) is dependent on
the current densityn the density range dft?-10% m=3,
the V- g 0) curves are fairly flat,ridicating that the
voltage is almost independent g 0) and the J - v
characteristis are physically realisticin this region.
Furthermore, it can be seen from the figure thabdrder
to reach the sameurrent densityJ atthe same 4 0),
the stronger electric field antthe corresponding larger
voltage are neededat 213 Kthanthoseat 295 K This
can beexplainedby the fact thathe effective mobility as
determinecht 295 Kis higher thanthatat 213 K

The numerically calculatedistributionof the carrier

density and electric field as a function of the distance

from the interfaceof electrononly device based othe
DTSHT-Co(F2):PC1BM blendsat varioustemperature
are plottedin Fig. 4. It is clear from the figure thahe
carrier density plx) is a decreasing function of the
distance X, whereas the electric field X) is an
increasingfunction of,the distancex. The decrease of
the carrier density pi X3 for relatively large f{0) is
faster than that for relatively smal{ 0). On theother
hand, the increase of the electric field{ x) for
relatively large f{0) is faster than that forelatiye
small £0). With the distancex increasing, p(XS/
rapidly reaches saturationhe thickness of accumulation
layerdecreases with increasingf 0) .

10’ T -

L=55nm
a=3nm
N T=213K

% y@% ¥

* *

*
*
sk ]
e ]
£
HkK
*
*
*
*

10° - * *

X

VV]
*
*

" %
% ‘ .
* *
*

107 F X *
Mo

=10° 2 i
J=10" A/m X ]

10-2 1 1
102 1022 102 10%* 10% 10%¢ 10%’

p(0) [m™]

10’ T T T

L =55nm
a=3nm
T=295K

100 ¥ *

ok
J=10° A/m? Mf‘
¥
&
=102 A/m? *:?é
J=102 A/m M%
*

107" % * i

*
*
J=10" Almzmaxe?%

VIV
*

10-2 1 1
102 1022 10% 1024 10%° 10%¢ 1077

p(0) [m™]

Fig. 3. Theoretical results of voltage versus the

boundary carrier density ofin electrononly device

based on DTHIT-Co(F2):PC71BM blendsat various
temperaturegcolor online)

Thevariation tendency ofarrier densityp(X) and
electric field A X) with the distancex at 213 K is
more obvious than thait 295 K, which further indicates
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thatthe effective mobilityat 295 Kis higher thanthat at
213 K Both the maximum of carrieconcentratiorand
the minimum of electric field appear near the interfate
electroronly device based on DHST-Co(F2):PC1BM
blends. As a result,the injection of carriers from the
electrode intohe DTS-HT-Co(F2):PC1BM organiclayer

1 024
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1028 <
-
e o
o
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leads to carriers accymulation near the interfage and a
decreasing functionpl(X i

leads to the variation of £ X), and the carriers
accunulation near the interface results in increasing
function A X).

. The distribution opr)
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Fig. 4. Numerically calculated distribution of the charge carrier densf® and electric field E  as a function of the
distance X in an electroronly device based on DI$I-Co(F2):PC7:BM blendsat various temperaturggolor online)

4. Summary and conclusions

In conclusion the electron transport and the possible
presence of spatially correlated diserdn the blends of
D-A copolymer DTS-HT-Co(F2) and nethanofullerene
derivative PG;1BM are investigated |t is found that the
temperature dependent s - v characteristics  of
electrononly devicebased on DTSHT-Co(F.):PC1BM
blendscan bewell described using both the IEGDM and
ECDM, within which spatial correlatiabetween the
transport site energiesare absentand are included,
respectively. For the organic material studied,the
intersite distancea=3 nm is foundfor the IEGDM,
whereas the value ofh obtained ér the ECDM is 078
nm. The intersite distance found using the IEGDM is
very close to the typical valuef fullerenes and their
derivatives whereas the value ofa found for the
ECDM may be considered as unrealistically smigfiis
indicates thatfor the DTS-HT-Co(F2):PC:BM blends

correlations between the site energies aesent
Furthermore, the effective mobility in
DTSHT-Co(F2):PC1BM blends increases  with
increasing tempetare. Theseresults areuseful tobuild
up the quantitative organic device modelsand will
provide importantinsight for the development of high
performanceOPV devices
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