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The electron transport properties in various poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl
Cg -butyric acid methyl ester (PC4BM) blend films, prepared by various process conditions, were
investigated by admittance spectroscopy at different temperatures. It was found that the electron
mobility and the dispersive transport behavior showed a strong dependence on the thermal treatment
condition; the blend with the fastest growth rate had orders of magnitude reduction in the mobility
and a much more dispersive transport. Using the Gaussian disorder model, it was found that the
energetic disorder of the density-of-states between blends plays a significant role in the observed
phenomena. It is proposed that the difference in the energetic disorder is due to the interfacial dipole
effect at the P3HT/PCy;BM heterojunctions in the various blend films. © 2010 American Institute

of Physics. [doi:10.1063/1.3499368]

It is well-known that the efficiency of the bulk-
heterojunction organic photovoltaics cells (OPVs) is highly
sensitive to the nanoscale morphology of the active layer.lf5
It is mainly determined by the growth rate of the active layer
right after spin-casting. The electron donor poly(3-
hexylthiophene) (P3HT) and the electron acceptor [6,6]-
phenyl Cg;-butyric acid methyl ester (PC¢BM) are proto-
typical materials in OPV technology. It has been
demonstrated that the power conversion efficiency (PCE) for
P3HT:PCsBM device can be varied from 3—6% with differ-
ent growth conditions of the polymer blend. Such variations
in device performance is closely related to the balance be-
tween the exciton diffusion and the carrier transport with
different domain sizes of the donor and acceptor materials. It
is generally believed that the degree of ordering of the active
material, the spatial effect, is necessarily the key factor in
determining the charge-carrier transport properties.6 How-
ever, recently, it has been observed that a spontaneous trans-
fer of a negative charge from P3HT:PCyj in bilayer structure
forms an interface dipole.7 Similarly, in P3HT:PCqBM
bulk-heterojunctions, there are numerous interfaces between
the individual materials. It can be deduced that the presence
of the possible dipoles at these numerous interfaces will alter
the charge-carrier transport properties in the blend film.

In this letter, the authors report on the electron transport
properties in various P3HT:PC¢BM blends as a function of
the film microstructure. Admittance spectroscopy (AS), a
powerful tool for probing the charge carrier dynamics, is
employed to extract the electron mobility at various tempera-
tures and to understand the physical mechanism for electron

nm) on glass substrates. The cathode was further covered by
50 nm of Ag used as capping layer. The metal electrodes
were thermally evaporated in vacuum at a base pressure of
1077 Torr. The active layers were prepared by spin-coating
the blend solution in dichlorobenzene onto the Al electrode.
The organization in the active layer was controlled by vary-
ing the growth rate of the active layer. Control of the growth
rate was achieved by controlling the solution concentration,
spinning speed and thermal treatment of the active layer after
spin-coating. Details of the active layer preparation condi-
tions are summarized in Table I. The growth rate in the dif-
ferent samples was in the order of sample A>B>C>D.
The thicknesses of the active layer were measured by a pro-
filometer. The electron mobility in P3HT:PCqBM thin films
was characterized by AS with an HP 4284A LRC meter.
Details of the principle and the experiment setup of AS have
been reported elsewhere.® Although electron injection from
Mg:Ag into P3HT is possible, the injected electrons will be
rapidly transferred to the PCq;BM molecules which has a
lower lowest-unoccupied molecular orbital energy level.
Prior to the charge carrier mobility measurements, any ab-
sorbed ambient effect during sample transfer or residual sol-
vent was eliminated by moderately heating the sample at
50 °C for 24 h inside a temperature regulated cryostat with a
base pressure of 10 Torr.

Figure 1 shows the typical capacitance versus frequency
characteristics of the different samples measured by AS. A

TABLE 1. Summary of preparation condition of the P3HT:PCgBM
(1:1, wt %) blends.

transport in the bulk-heterojunction thin films. Solution Spinning
The samples fabricated in this study consist of a single concentration  condition Thermal Thickness
active layer of P3HT:PC¢BM (1:1, wt %) sandwiched be- Sample  (mg/ml) (rpm) treatment (um)
tween an anode (Al, 70 nm) and a cathode (Mg:Ag, 10:1, 50 A 2 1000 (60s) Baked 200 °C (30mins) 120
B 112 1000 (60s) Baked 100 °C (30mins) 1.16
Y Author whom correspondence should be addressed. Electronic mail: sai- C 112 1000 (60s) Naturally dried for 24 h 1.16
wing.tsang @nrc-cnrc.gc.ca. D 425 300 (60s) Naturally dried for 24 h 1.50
YElectronic mail: zhenghong.lu@utoronto.ca.
0003-6951/2010/97(15)/153306/3/$30.00 97, 153306-1 © 2010 American Institute of Physics
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FIG. 1. (Color online) Measured capacitance vs frequency characteristics of
sample A (black, square) at 7=263 K and F=2.0X10° V/cm; B (red,
circle) at 7=263 K and F=2.0X10°> V/cm; C (green, up-triangle) at
T=263 K and F=2.0X10° V/cm; D (blue, down-triangle) at T=270 K
and F=1.3X10* V/cm. The capacitance C is normalized to the geometrical
capacitance Cy, of individual sample.

minimum capacitance C,;, at a certain frequency is found in
samples B, C, and D. This feature corresgponds to the space
charge effect in the bulk of the material.*® It also proves that
a quasi-Ohmic contact is formed at the Mg:Ag/PCyqBM
interface.'’ The electron mobility u. can be effectively ex-
tracted from the measured capacitance. Briefly, if C,;, occurs
at higher frequency it indicates a higher charge carrier mo-
bility. Therefore, u, increases from sample B to sample D,
corresponding to a fast and a slow growth rate, respectively.
Moreover, the degree of charge carrier mobility dispersion
can be revealed by considering the ratio of Cy,i/ Cyeo, Where
Cyeo 18 the geometrical capacitance of the sample. In the case
of nondispersive transport, Cmin/Cge0=0.75.8’ The value of
Chnin/ Cye, increases for more dispersive transport. For highly
dispersive transport the capacitance minimum vanishes. As
shown in Fig. 1, there is no capacitance minimum observed
in sample A. The value of Cy;,/ Cye, decreases from 0.98 in
sample B to 0.92 in sample D, which suggests that the elec-
tron transport becomes less dispersive as the growth rate of
the active layer decreases. It is worth considering that the
dispersive transport behavior can originate from the presence
of trap states, or from the disordered properties of the trans-
porting sites, both positional and energetic. However, since
the samples are prepared with the same batch of materials,
the variation in bulk trap states in different samples is safely
excluded. Furthermore, it has been demonstrated that a
slower growth rate of the active layer leads to a more ordered
P3HT:PC4BM film.> Therefore, the difference of the dis-
ordered properties between samples is attributed to the varia-
tion in the observed electron transport behavior.
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FIG. 2. (Color online) Measured electron mobility w, vs square root of
applied electric field F'? of sample (a) B (red), (b) C (green), and (c) D
(blue). The solid lines are the best fit of the data to the Pool-Frenkel type of
electric field F dependence u,*exp(BF'?).
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FIG. 3. (Color online) (a) The zero-field mobility u ; extrapolated from the
measured . in Fig. 2 vs 1/72 of sample B (red), C (green), and D (blue).
(b) The corresponding field dependence coefficient B vs 1/T% The solid
lines are the best fits to the data at temperature 7>220 K. Insets show
the illustrations of the phase segregation of P3HT:PC4 BM for slow and
fast growth rate of the active layer. Interface dipoles are formed at
P3HT:PCyBM heterojunctions.

The electron mobilities of sample B, C, and D measured
by AS at various temperatures are shown in Fig. 2. In gen-
eral, the mobilities follow the Poole—Frenkel type of electric
field F dependence u,*exp(BF'?), where 8 is the field de-
pendence coefficient. It is found that u, in sample B, which
has the fastest growth rate among samples B, C, and D, has
the highest temperature and electric field dependence. From
the measured ., the disordered properties of the electron
transporting site in PC¢;BM can be revealed by analyzing the
data with the Gaussian disordered model (GDM):"!

20 \? o \? —
M(E,T)=;meeXp[—(3k—T> ]eXp C[(k_T> —22]\’F . (1)

where ;. is a prefactor, o is the energetic disorder param-
eter that can be understood as the width of the Gaussian
density-of-state (DOS), ¥ is the positional disorder param-
eter, and C is a constant. By extrapolating the measured p, to
zero field, o can be obtained from the plot of the zero field
mobility ug versus 1/ 77 as shown in Fig. 3(a). On the other
hand, 3 can be extracted by plotting 3 versus 1/7% as shown
in Fig. 3(b). The extracted disorder parameters for different
samples are summarized in Table II. As expected, the largest
positional disorder parameter 3 is found in sample B and
the smallest in sample D. A more organized film of
P3HT:PC4BM blend can be formed from a slower growth
rate of the active layer. Although it is generally believed that
such improved ordering is only a result of the increase in
crystalline packing of P3HT, there is no doubt that more
PC¢BM will also pack together to retain a constant effective
volume. This has been proved by the observed phase segre-
gation between P3HT and PCqBM measured by atomic
force miclroscopy.4 Surprisingly, there is a large difference in

TABLE II. Extracted GDM parameters of different samples from the mea-
sured electron mobility u, in Fig. 3.

Minf o c
Sample (cm? V7'l (meV) (V/em)™! 3
B 0.041 124 4.53x10™ 2.63
C 0.19 106 2.12x 107 2.06
D 0.30 82 3.93x10™ 1.58
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the energetic disorder parameter o between different
samples. As depicted in Eq. (1), the low field mobility is
mainly determined by the u;,r and o. Taking sample B and D
as an example, w;,s in sample B is about one order of mag-
nitude lower than that in sample D. However, a large value
of o in sample B attributes to more than two orders of mag-
nitude reduction in mobility. Extensive experimental studies
on carrier transport properties in polymers doped with hole-
transporting molecules have been reported by Borsenberger
and co-workers,'>"* with detailed discussion of Mine and o in
different polymer hosts. The prefactor w;,; depends on the
intersite distance R and wave function decay constant «, i.e.,
Mint® R? exp(—2aR). Owning to the energy difference of the
transporting sites in P3HT and PCqBM, the wave function
overlap is larger between PCq;BM molecules. Moreover, in a
less organized blend that with smaller degree of phase seg-
regation, more PCq;BM molecules are homogeneously dis-
persed with the P3HT polymers which increases the intermo-
lecular distance R between the PCqBM molecules for
electron transport. Considering a typical value of a=5
X 107 em™! for organic materials,m’15 and R varies from a
few to tens of nanometers which depends on the processing
conditions. A larger R in the less organized blend reduces the
Minr- Despite the spatial effect, it is found that the increased
energetic disorder of PC¢BM in the less organized blend
also plays an important role for the reduction in the electron
mobility.

The variation in o in different blend films can be ex-
plained by considering the presence of interface dipoles be-
tween P3HT and PCqBM. The dipolar effect on the energy
profile of the DOS and the charge-carrier transport in a dis-
ordered media was originally proposed by Dieckmann'® and
Young17 under the framework of the GDM. The energetic
disorder parameter takes into account both the dipole-
induced disorder o4 and the Van der Waals interactions be-
tween molecules o4, 1.€., 0'2=a'§+ vdw- The additional oy
broadens the Gaussian DOS which depends on the amount
and the orientation of the dipole moments in the system.17 It
has been recently reported that there exists an interface di-
pole between P3HT and Cg, by photoemission study.7 As-
suming the magnitude of the dipole at the P3HT/PCyqBM
interface in different blend films are comparable, it is pro-
posed that the origin of the difference of oy between samples
with slower and faster growth rate of the active layer is due
to the variation of the interfacial area of the heterojunctions
as illustrated in the insets of Fig. 3(a). Less phase segrega-
tion between P3HT and PCq BM is expected for the film
grown faster. The area of the P3HT/PC¢;BM interface, and
therefore the number of interface dipoles is larger inside this
blend. Moreover, as the PCq;BM phase is smaller, the in-
jected electrons have higher probability to experience the
interface dipole effect during the multidirectional hopping
process. This attributes to a larger overall energetic disorder
o for the sample having a faster growth rate of the active
layer. A larger o reduces the electron mobility and results in
much more dispersive transport behavior. In other words, in
the absence of dipoles at the P3HT/PC4;BM interface, the
difference in charge carrier mobility between samples are

Appl. Phys. Lett. 97, 153306 (2010)

mainly determined by the prefactor w;,; and the positional
disorder parameter 2, which depends on the degree of the
self-organization of samples. However, the presence of di-
poles at the P3HT/PC4BM interface additionally increases
the energetic disorder parameter o which further reduces the
charge carrier mobility. The contribution of the dipole disor-
der o4 also depends on the degree of the self-organization of
the samples; a larger oy is expected in less organized blends
that have larger P3BHT/PC4,BM interface area.

In conclusion, the electron transport properties in
P3HT:PC4BM (1:1) blend films have been studied by AS at
various temperatures. It is found that both the electron mo-
bility and the dispersive transport behavior depend strongly
on the growth rate of the active layer. According to the re-
sults of the measured electron mobility of different samples
at various temperatures, the electron mobility is mainly de-
termined by the variation in the energetic disorder, rather
than by the spatial distribution of the transporting sites in
PC¢BM. This is proposed to be a result of the variation in
the induced-dipole disorder at the P3HT/PCyBM interfaces
within the blend films. A faster growth rate with less phase
segregation between P3HT and PC¢ BM leads to larger ef-
fective area of interfacial dipole at the P3HT/PCqBM het-
erojunctions which impede electron transport in the blend
films by increasing the energetic disorder of the DOS.

Financial support for this project was provided by Natu-
ral Sciences and Engineering Research Council of Canada
(NSERC) and National Research Council Canada (NRC).
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