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Sandwich configurations consisting of hole-only and electron-only devices are employed to study the
transport properties of polymer/fullerene blended material. Upon thermal annealing at 150 °C and
subsequent device characterisations a direct correlation between solar cell device power conversion
efficiency and charge carrier mobilities is identified. The highest power conversion efficiency reported
herein resulted from the electron to hole mobility ratio of 4.78. This ratio further reduces to 0.357 at
175 °C as a result of the deterioration in electron mobility at the same time as enhancement in hole
carrier mobility with no further improvement in PCE. Effects of thermal annealing on trap density,
reveals that the trap assisted recombination is more dominant as compared to the bimolecular
recombination. Furthermore such a mechanism enhances as a result of increasing trap density at higher
annealing temperatures. Effect of light intensity on the open circuit voltage Voc further verifies that

the dominant recombination process is through trap assisted recombination.
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1. Introduction

Recent progress in material selections and fabrication processes have led to the development of organic
solar cells with efficiencies approaching 10% [1-4]. Whilst there have been extensive research based

on the blend of P3HT/PCBM solar cell [5-8], no breakthrough in power conversion efficiencies (PCEs)
above 10% has been realised as yet. The internal quantum efficiency is given by #=n,nn.1c 91,
where 74 is the efficiency associated with photon absorption, #p is the efficiency associated with
exciton dissociation, 7. is the efficiency associated with charge transfer and 7cc is efficiency
associated with charge collections at respective electrodes. Enhancing 74 is very much dependent on
the material selected. Amongst blended materials, poly (3-hexylthiophene) (P3HT) and phenyl-Cei-
butyric acid methyl ester (PCBM) are currently the most investigated [10-12]. This is attributed to the
high degree of crystallinity of P3HT and its absorption spectrum extending in the region of 650 nm,

and suitable electronic band gap favouring efficient charge transfer [13]. When considering #p and



ncc, again material selection is a significant factor concerning efficient charge separations resulting
from differences in the lowest unoccupied molecular orbitals (LUMO) of the blended materials and
charge transport properties. Furthermore donor/acceptor interfaces, nanodomain, transport pathways
to the respective electrodes, charge carrier mobilities, loss mechanisms via recombination etc. all have
an impact on the device power conversion efficiencies [14-18]. Owing to the processing conditions of
these blends, PCEs can remarkably improve upon subjecting the device to various physical and
chemical processes [19-22]. Previously [23] we reported on the PCBM cluster formation resulting
from different thermal annealing strategies and its impact on photocurrent generation. Nano-
structuring of the photo active layer significantly influences charge carrier mobilities, charge
separation and recombination processes, all of which have a direct impact on power conversion
efficiencies. It is known that the charge carrier mobilities enhances exciton dissociations and charge
carrier recombination which are believed to be a competing process [24]. This parameter can improve
or deteriorate upon thermal annealing. To address the influence of trap density on charge carrier
mobility, we suggest a range of thermal annealing temperatures above the glass transition temperature
of P3HT, for this phenomenon to be studied. It is well established that the best device efficiency
reported for P3HT/ PCBM blend is at annealing temperature of ~140°C [25]. However, thermal
annealing at this temperature results in restructuring of nanodomains which consequently has a direct
impact on exciton dissociation as well as recombination processes, as a by-product of changes in the
polymer/fullerene interface. This manuscript is therefore focused on the effects of thermal annealing
on transport properties of solar cell devices based on blended materials (P3HT/PCBM) as well as

establishing the processes supporting recombination mechanisms.
2. Experimental

P3HT (regioregularity of 96.6%, Ossila Ltd.), and PCBM (Solenne BV, The Netherlands) were first
dissolved in 1, 2-dichlorobenzene (DCB) separately and stirred for one hour at ~45°C. The two pristine
solutions were then blended to make a solution of total concentration of 25 mg/mL, a 1:1 weight-ratio
of P3HT: PCBM. This was left to stir for another one hour before filtering through a 0.45 um PTFE
filter. The filtered P3HT/PCBM blend solution was then left to stir for a period of 16 — 18 hours at
room temperature in a nitrogen-filled glove box (<1 ppm O, and H>O). Before device fabrication,
ITO coated substrates (~ 10 Q/cm?) were first cleaned with deionised water, acetone, and isopropyl,
sequentially in an ultrasonic bath for 10 minutes each. Cleaned substrates were then transferred to a
nitrogen-filled glove box. This was followed by spin casting at 5000 rpm, a layer (~ 40 nm) of poly
(3, 4-ethylenedioxythiophene): poly (styrenesulfonate) (PEDOT: PSS) (Sigma Aldrich), onto the ITO



coated substrate. PEDOT: PSS was filtered through a 0.45 um filter prior to spin casting. The PEDOT:
PSS film was subjected to 10 minutes of baking at ~ 150°C. Following the cooling down of the
substrate, P3HT/PCBM blend films were spun casted onto the PEDOT: PSS layer and left to dry in
the desiccator. To complete the device fabrication, an aluminium (Al) layer (~100 nm) was thermally
deposited onto the active layer through a shadow mask, under a vacuum pressure of ~ 10 mbar. The
device’s active area, defined by a shadow mask is 0.14 cm?. To measure charge carrier mobilities, hole
— and electron — only devices were fabricated. The hole — only device was fabricated following the
same procedure as for the solar cell device above, but replacing the aluminium top electrode with gold
(Au). And as for electron — only device, PEDOT: PSS was replaced with a thin layer of Cesium

carbonate (Cs2CO3), spun casted from solution in 2-ethoxyethanol.

The current-voltage (I-V) curves were measured with a Keithley 2400 source meter in the dark and
under Air Mass 1.5 (AM 1.5), 100 mW/cm? illumination provided by an LOT Oriel 150-W solar
simulator fitted with a Xenon lamp. For voltage dependence on light intensity measurements, the
illumination intensity of the solar simulator was varied, by varying the power output of the lamp’s
power supply. The intensity of the illumination was checked every time before measurements with a
calibrated Si reference solar cell and meter (Newport and Oriel Instruments). The thicknesses of the
thin films were determined using a DektakXT stylus profiler. All thermal annealing of devices were
done inside a nitrogen filled glove box. For hole — and electron — only devices, /-V characterisations
(for hole — and electron — only devices) were performed in the dark, whereas for solar cell device, this

was done under illumination. All devices were tested inside a nitrogen filled glove box.
3. Results and discussions
3.1 Implications of thermal annealing on bulk network transport properties

Figure 1(a) represents current density/voltage characteristics for hole-only device fabricated
using sandwich structure of ITO/PEDOT: PSS/P3HT: PCBM/Au. Upon positive application of voltage
to Au contact with respect to PEDOT: PSS, there is no potential barrier and holes are injected from
Au into the highest occupied molecular orbital (HOMO) of P3HT (reverse bias). This is illustrated in
Fig. 2(a). At effective applied voltage 0.2V <Vesr < 0.7V (Ver being the applied bias corrected for the
built-in potential arising from the difference between the work-function of contacts) the current density

voltage obeys Ohm’s law and the relationship may be written as

vV
J= qne(h):ue(h) 4 (1)



where ¢ is the electron charge, He(hy is electron (hole) carrier mobility, nem, is the electron (hole)
concentration, and d is the device active layer thickness. At higher effective applied field 3.5V < Ve
< 4.4V the current density voltage relationship departs from Ohmic behaviour and follows space
charge limited current (SCLC). The current density dependence on voltage for trap filled limited SCLC
is given by the square law

9 V2
J= S0ty T 2)

where g represents permittivity of free space, & is dielectric constant of the blended material ~3.4,

Hen) is electron (hole) carrier mobility and d is the device active layer thickness ~150 nm. Using the

slope corresponding to the square law in Fig 1(a) and appropriate parameters, equation (2) yields a
value of the hole mobility for as cast device as u; = 1.15x10° m? V-! s'!. This is in close agreement
with published data for this parameter [26-27]. Similarly the Ohmic region of Figl(a) together with
appropriate parameters in equation (1) leads to a hole carrier concentration of 1.49 x10*?m™* which is

of the same order of magnitude reported in the literature [28]

At higher reverse applied field Vegr > 5V, the current density-voltage relationship is indicative of trap-

filling states associated with exponent greater than 2 namely power law [29], which is given by:

!
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where Ncv is the effective density of states in the conduction or valence band, Ny, is the trap density

for electrons (holes). Employing equation (3) yields N, of 2.98x10*m™ for as cast device. For the
sake of clarity the voltage regions for which the parameters are extracted are included in Tablel. It is
worth noting that the Ohmic region for both electron and hole devices are in the range 0-1 V whereas
for space charge limited conductivity the range varies, suggesting the influence of associated deep or
shallow trap levels within the bulk material [30]. The region associated with higher exponent are

treated using equation (3) for exponential trap distribution.

In order to measure the electron mobility a sandwich structure consisting of ITO/
Cs2CO3/P3HT:PCBM/AL is employed, where Cs2COs acts as a hole blocking layer. Corresponding
dark J-V characteristics is shown in Fig 1(b). Similar analysis for the range corresponding to the trap
filled SCLC regime (0.842V<V,y<1.43V) reveals a value of electron mobility, ue =1.1x108 m?V-lsL,

Initially the hole mobility reduces upon thermal annealing as is evident in Table 1. However above 50



°C the reversal of this trend is observed with maximum hole mobility measured at 175 °C. Mihailetchi
et al [31] have previously reported on a similar observation of an increase in the hole mobility in the
P3HT phase upon thermal annealing, with mobility values consistent with values measured in pristine
P3HT (~10® m?V-Is!), i.e., in the absence of PCBM molecules. Furthermore, according to Yang et al
[32], the improved value of the hole mobility is as a result of the recrystallization of P3HT phase.
However in the case of the electron mobility, we have measured a reduction in this property at
annealing temperature above 150°C. The reason for this is somewhat unclear at this stage, although
we suggest this might be due to the increased formation of PCBM aggregates, and also the extensive
depletion regions around them, previously reported [23]. In other words, at very high annealing
temperatures (i.e., above 150°C), the resulting change in morphology, with its corresponding phase
separation characterised by highly isolated PCBM aggregates does not facilitate electron transport. It
is known that the charge transport in organic semiconductors is mainly due to hopping mechanism
from site to site [33]. The increased separation between islands or clusters as shown in Fig. 3(c) may
impede these hopping mechanisms lowering the value of electron mobility as recorded in our present
study. Furthermore Fig. 4 indicates that the PCE peaks at 150°C and upon increasing the annealing
temperature to 175°C, a reduction in this parameter is observed. An important observation to note is
that at 150°C where the maximum PCE was measured, the ratio of electron to hole mobility was
determined to be 4.78. This observed trend, where the electron to hole mobility ratio reduces with
annealing temperature, with a corresponding enhancement in PCEs (optimum at 150°C) is consistent
with previous work [28]. However, we have observed at 175°C lower than unity for this ratio (ue/un~
0.357). This, we suggest is due to the disruption of electron transport pathways to the respective

electrode as a result of PCBM clustering leading to lower electron mobility.

It is known that exciton dissociation rate and recombination rate, be it bimolecular or trap assisted are
competing processes and increases as a result of improved charge carrier mobilities [24]. Due to the
nature of fast charge transfer, photoluminescence measurements cannot elucidate on the recombination
processes and instead we investigate photogeneration rate and exciton dissociation probability to

identify dominant mechanism.
3.2 Photocurrent generation rates and exciton dissociation probability

Excitons created as a result of absorption of photons by polymer phase, may or may not result
in dissociation of free charge carriers depending on the probability that these bound electron — hole

pairs overcome their columbic attraction given by capture radius proposed by Onsager [34]
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where ¢ is the electron charge, &; is the dielectric constant, & is the permittivity of free space, kg is the
Boltzmann constant and 7 is the temperature. Due to low values of &, associated with organic
semiconductors; this capture radius is relatively larger than their inorganic counterparts. Furthermore
this model suggests that the hot electron will impart its thermal energy by rapid motion settling at a
distance a from the hole, known as the thermalization length. The values of a calculated on the basis
of this model is around 2.5- 3.5 nm which is larger than expected for nearest neighbouring charge
transfer states (Inm). To take into account of the relatively larger values of thermalization length,
Braun [35] modified Onsager’s model with the view that charge transfer states have a finite life time
zcr which depends on the two competing mechanisms of dissociation and recombination as is given
by Equation 5. This implies that the probability of exciton dissociation is dependent on the dissociation
rate constant kq (E,7,x) and the rate constant kr(7) associated with geminate recombination rate back

to the ground state. This is expressed as
P(ETX) = 4~ 5
LX) = kd+kf_ dTcT ( )

It is worth noting that when k4 >> k the probability approaches unity and the charge transfer state life
time is described by the dissociation rate, while at the other extreme when ks >> kq the probability
approaches zero and the charge transfer states life time will approach the geminate recombination life

time back to the ground state. The dissociation rate kq is given by

4

3k, AE B b b
kd(E,T,x)=4m3exp(-ET) 1+b+?+§+@+... (6)

where £; is the recombination constant (either Langevin (By) or trap assisted recombination referred to

as Shockley Read Hall (Bsrn)), a is the thermalization length or initial hot electron and hole pair

3
separation, kg is the Boltzmann constant, 7'is the temperature, b= - : )]f = and AE is the binding energy
£ )E0
for the electron-hole pair given by
qZ
AE= (7)
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For Langevin recombination constant, B; may be presented as

B =44 )

eoer)



where (u) is the average sum of the electron and hole mobilities. The photocurrent generation [31] is

given by
Jph= P(E,T,X) Gmaqu (9)

where Gmax 1s the maximum generation rate, g is the electronic charge and d is the active layer
thickness. Based on Langevin model and the values of the electron and hole mobilities obtained in
section 3.1, the rate constant & associated with geminate recombination back to ground state is
calculated as kr =1x10*s! (BL = 6.11 x10®¥ m’s’!) in agreement with previous report [36]. Upon
thermal annealing at 150 °C, the rate of decay krincreases to 2 x10*s! (BL=1.22 x10'"" m3s’!). Further
thermal annealing at 175°C, results in further increase of this parameter to 8 x10*s™!(BL = 5.64 x107
m3s!). This increase in decay rate is attributed to the increase in hole carrier mobility, resulting in a
higher value of Langevin constant B and faster geminate recombination back to the ground state
corresponding to a shorter charge transfer state life time. Similarly for trap assisted recombination,
Bsry is given as [26]

B — CuCphNr,
SRH [Cu(ntn)+Cp(ptpy )]

(10)

where C, is defined as the probability per unit time that an electron in PCBM phase is captured by an
empty trap. Similarly C, is defined as the probability per unit time that a hole is captured by an
electron— occupied trap site, Ny_ is the density of the electron traps, 7 and p are the electron and hole
density in the conduction and valence band respectively, and nipi=n? the intrinsic carrier
concentrations. Intrinsic carrier concentrations are much lower than electron and hole densities and

therefore equation 10 can be reduced to

— C”CPNTe

Assuming C, = C, equation (11) can be simplified as;

CulV- Te

(12)

Bsru= ntp

Based on this model a double logarithmic plot of photocurrent (Jph = Jiight - Jaark) versus the effective
reverse applied voltage (Vo-V), where Vo is the voltage at which Jpn = 0, for as cast and thermally
annealed at 150 °C is presented in Fig. 5. Using the data provided in Table 1 and assuming a value for
Cp = 1.6x10"¥*m’s™! equation 12 yields a value of Bsri = 2 X106 m?s'! which subsequently leads to kr

=2.3x10° s°! for as cast and at 150 °C a value of Bsru = 2.5 x10"1> m?s™! with corresponding kr= 2x10°



s'l. Further increase in the annealing temperature to 175°C resulted in a reduction of Bsrn to 1.06x10
16 m3s! with corresponding kr = 6x10* 7!, as is expected from the reduction in the value of the trap
density. The higher recombination constant Bsrn in comparison to B is an indication that the trap
assisted recombination is dominant in comparison to its Langevin counterpart. The highest PCEs
measured in the present work correspond to thermal annealing at 150°C. Therefore on the basis of this,
a lower recombination rate should be expected. On the contrary this is not so, as the results indicates
higher recombination constant with higher geminate recombination rate back to the ground state 4.
Referring again to Table 1 it is noticed that the trap concentration has increased by almost 2 orders of
magnitude which resulted in a higher value of Bsru. However, the improved ratio of electron/hole
mobility (Table 1) upon thermal annealing plays an important role in charge transport to the respective
electrodes, hence improving PCE. In order to further verify the dominant process considered above,
we refer to the relationship between light intensity and open circuit voltage given by [36].

Voc= (13)

By ksl ((I-P)BLN%V)
q q PG

where Eg is the energy gap or the difference between the LUMO and HOMO levels of PCBM and
P3HT, kg is the Boltzmann constant, 7'is the temperature, ¢ is the electronic charge, P is the probability
of exciton dissociations, B; is the Langevin recombination constant, and Ncv is the effective density
of states in the conduction or valence band. In the event were traps are absent the above relationship
holds with slope equalling ks7/q (eV), when Voc is plotted as a function of the logarithm of light
intensity. The higher value of the slope coefficient is associated with the strength of trap-assisted
recombination. Fig. 6 shows a semi log plot of Voc versus the light intensity. As is evident, the slope
of 1.12 (ksT/q) is indicative of trap assisted recombination. Upon thermal annealing at 150 °C the value
of this slope increased to 1.46 (kzT/q) indicating an increase in the strength of the trap assisted

recombination. This correlates well with the increase in trap density calculated in section 3.1.

Conclusions

Previously it was reported that a system consisting of a highly intermixed blend of PCBM/P3HT could
result in additional disorder and formations of traps [30]. Our results support this view in the light of
high trap densities measured. Furthermore the increase in electron trap density upon thermal annealing
correlates with glass transition temperature for P3HT phase [25] initiating traps formation in the

heterojunction device. The ratio of electron to hole mobility improves with annealing temperature up



to 150 °C above which the hole mobility overtakes electron mobility resulting from segregation of
PCBM and formation of clusters and disruption of the transport path ways for electrons and
deterioration of the PCEs. The higher recombination constant Bsru measured in this investigation in
comparison to BL is an indication that the trap assisted recombination is dominant in comparison to its
Langevin counterpart. The presence of high density of traps in this blended material further supports
the Shockley-Read-Hall trap assisted recombination with further evidence of the dependence of open

circuit voltage on light intensity.
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Fig. 1: Dark J-V characteristics of P3HT: PCBM blend: (a) Hole-only device (reversed biased), and
(b) Electron-only device (forward biased). The inserts show the fits of experimental data to the SCLC

model in equation 2.
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Fig. 2: Schematic energy band diagram for (a) hole-only device and (b) electron-only device



Fig. 3: Optical microscopic images of films of thickness of ~ 150 nm; (a) as-cast, after thermal

annealing at (b) 150°C and (c) 175°C
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Fig. 4: J-V characteristics of P3HT: PCBM blend device based on an active layer thickness of ~ 150

nm; as-cast and after annealing at 150°C and 175°C, for 10 minutes each. Insert shows the summary

of device performance parameters
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Fig. 5: Photocurrent density (Jpn) as a function of effective reverse applied voltage (Vo-V) for P3HT:
PCBM based solar cell device; (a) as-cast and (b) after thermal annealing at 150°C. The solid lines

represent numerical calculations based on Shockley-Read-Hall (blue), and Langevin (broken, red)

recombination.
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Fig. 6: Voc as a function of light intensity for P3HT: PCBM based solar cell device; as-cast and

annealed at 150°C, solid lines are linear fits used to determine the slopes.



As cast 50°C 100°C 125°C 150°C 175°C
w M2V 115x10°  6.68x107° 8.53x101°  2.14x10°  2.30x10° 1.06x10°
fte (M2V7's7) 1LI1x10®  5.93x10°  8.51x10° 1.31x10° 1.1x10°8 3.78x10”
Lo/t 9.56 8.88 9.98 6.12 478 0.357
n (m?) 49x10"  474x10"  7.09x102  637x102  6.05x102  2.65x10*
p (m?) 1.49x102  1.06x102  9.68x10'  1.08x102  1.17x102  6.22x10%
N (m™) 2.98x10*  6.79x10*  2.22x10* 7.72x10%* 1.36x10% 1.14x10%
Nre (m) 2.51x10%  6.76x10%*  2.54x10%°  3.79x10%*°  1.14x10%*°  4.30x10*
Ohmic region*
) 0.20-0.70  0.25-0.60  0.35-0.80  045-0.95  0.45-095  0.50-1.00
1 *
SCLC(\rf)glon 345-435  1.85-3.00  1.25-2.20 1.45-2.45 1.70-2.40  2.30-3.15
Trap-limited
region® (V) 525675  5.00-6.15  4.50-5.95  3.00-6.45  4.60-6.90  3.50-6.45
. . T
Ohml(cvr)eglon 0.10-0.43  0.1-0.39  0.15-038  0.10-0.70  0.15-0.65  0.10-0.55
SCLC(\ﬁiglon 0.84-1.43  0.78-121  2.00-2.48  2.80-3.90  4.80-5.95 1.88-2.72
Trap-limited
1.51-222 176221 248273  3.85-445  580-645  3.13-4.13

region’ (V)

* Hole — only devices, 1 Electron — only devices: Voltage ranges

Table 1: Summary of the parameters determined from experimental data.



