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ABSTRACT: Photoresponse and ambipolar charge transport in
organic bulk heterojunctions (BHJ) is investigated using field-effect
transistors (FET) based on two donors, poly(3-hexylthiophene)
(P3HT) and 3,6-bis(S-(benzofuran-2-yl)thiophen-2-yl)-2,5-bis(2-
ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4-dione (DPP(TBFu),) blends
with [6,6]-phenyl-C70-butyric acid methyl ester (PC,,BM) acceptor.
Upon 100 mW/cm? AM 1.5 G illumination, P3HT:PC,,BM shows an
equivalent hole and electron current together with a largely enhanced
photoresponse in the FET. The DPP(TBFu),:PC,,BM blends display
an electron-dominating transport along with showing a relatively poor
photoresponse in FETs upon irradiation. By comparing the two
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systems, it suggests that DPP(TBFu),:PC,,BM possesses a less-efficient charge separation assisted by electric fields after exciton
dissociation. The FET results correlate well to the solar cell device performance and provide further understanding and
optimizing of solution-processed DPP small molecule solar cells.
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1. INTRODUCTION

Solution-processed bulk heterojunction (BHJ) solar cells using
small molecule donor materials are great alternatives to
polymer photovoltaic devices,"® because of their advantages
concerning ease of purification and well-defined chemical
structure when compared to polymeric systems.” '® Power
conversion efficiencies (PCEs) of solution-processed SMBH]J
solar cells up to 7% have been reported."'™"” Small molecules
incorporating diketopyrrolopyrrole (DPP) moiety with a strong
electron withdrawing ability have been used as donors for
solution-processed SM-BH]J solar cells with PCE of 4.8% and
field-effect mobilities of 1 X 1072 cm?/(V s).'®'® However, the
PCEs of these devices are often limited by a relatively low fill
factor (FF) that typically falls in a range of 0.4—0.5. Reasons for
the reduced FFs in BH]J solar cells are still not fully understood
and it can often be correlated to imbalance charge transport
properties or strong recombination.””~** The nongeminate and
geminate recombination losses in small molecule BHJs have
been quantified using electrical transient measurements.*®
Recently, the field dependence of the recombination process
has been evaluated using impedance spectroscopy, and the
strength of field dependence well-correlates with the FFs in a
series of small molecule BHJ solar cells.”” Due to the strong
Coulombic interaction in organic semiconductors, dissociated
charge carriers after the splitting of excitons may not be totally
free and are like to be bound electron—hole pairs.”"?® It is
generally considered that the creation of free carriers and the
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charge separation can be assisted by the electric field (E) or
temperature.”” > In BH]J solar cells, the E is changed with the
bias and a large E dependence of the charge separation would
be likely to affect the photocurrent and the FF. Therefore,
investigation of the field-assisted charge separation is
informative to enable a more in-depth understanding of the
FF and the ultimate solar cell performance.

Organic field-effect transistors (OFETs) have been wildly
used to characterize the charge transport in pristine semi-
conductors® and donor/acceptor solar cell BHJ blends.*
Although there is a difference in the charge transport direction
in the OFET and solar cell, adopting OFET analysis is
advantageous in a way that the electron and hole transport in
the BHJs can be independently characterized on a single device
using different gate voltage. Specifically, it is possible to utilize
OFETs to explore the charge separation in BHJ blends by
measuring the photoresponse. The field dependence of this
process can be evaluated by varying the bias or the resultant E
during the OFET operation. Quantitative determination of the
vertical distribution of E in the OFET is challenging and
therefore there is an uncertainty of E regarding the strength and
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distribution of field across the active layer. However the lateral
distribution of E as a function of distance from the source-drain
electrodes has been probed experimentally using Kelvin
probe.***” The electric potential close to the contacts is
found to have a very sharp gradient than the position in the
middle of OFET channel. Furthermore, a direct probe of the
electric field using microscopic second-harmonic genera-
tion>®*” shows an E in the OFET that exhibits power-decay
with distance from the drain contact (in the off-state) or from
the source contact (in the on-state). The E is mostly
concentrated in an area extended with 2—3 ym from the
contact (for a channel width of 30 ym).

Figure 1 shows a schematic illustration for an OFET
operated in different modes. For the ease of analysis, we

Light Light

(b)
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Figure 1. Schematic illustration of an ambipolar FET with photoactive
layers upon irradiation when operated at (a) hole and (b) electron
accumulation modes, respectively with low gate bias (turn-off). (c, d)
According FET operations at hole and electron accumulation modes
with high gate bias (turn-on).

assume an average vertical E generated in the OFET under
operation as depicted by the white arrows in Figure 1. The
simplification of E is can be supported by the experimental
results reported previously.>*> Depending on the gate bias
(V,), under both the p-type and n-type modes, the E created in
the OFET will be stronger in the area laterally near the drain or
the source electrodes when applying a low V, or a V,
approaching the drain bias (V,), respectively. Based on the
description of E in the OFET, it is viable to use this device
structure to evaluate the field-assisted charge separation in the
BH]J blends by examining the photoresponse under irradiation.

In this contribution, we study the photoresponse (under AM
1.5 G) and dark transport of two commonly used BHJs
comprising of the donors of poly(3-hexylthiophene) (P3HT)
and 3,6-bis(5-(benzofuran-2-yl)thiophen-2-yl)-2,5-bis(2-
ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4-dione (DPP(TBFu),)
blended with [6,6]-phenyl-C70-butyric acid methyl ester
(PC,,BM) acceptor using FET device structure (Figure 2).
To mimic the solar cell operation, standardized AM 1.5G light
was perpendicularly shined on top of the BHJ films with a
calibrated light intensity of 100 mW/cm? (1 sun).

2. EXPERIMENTAL SECTION

Materials and Device Fabrication. Regioregular P3HT and
PC,,BM were purchased from Plextronic and Solenne BV,
respectively, and used as received. DPP(TBFu), was synthesized as
previous report.'® The chemical structures of the materials are drawn
in Figure 2b—d.
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DPP(TBFu)2 PC70BM

Figure 2. (a) FET device architecture with the illustrated light setup
and chemical structures of (b) P3HT, (c) DPP(TBFu),, and (d)
PC,,BM.

For sandwich-type solar cell devices, P3HT:PC,,BM in a blend ratio
of 55:45 was dissolved in chlorobenzene with a total concentration of
20 mg/mL. The DPP(TBFu),:PC;;BM in a blend ratio of 60:40 were
dissolved in chloroform with a total concentration of 17 mg/mL. Prior
to the casting of active layers, 60 nm of poly(3,4-ethylenedioxythio-
phene) poly(styrenesulfonate) (PEDOT:PSS) layer was spin-coated
on precleaned indium—tin-oxide (ITO) substrates and baked at 140
°C for 20 min. BHJ active layers were then deposited from the
solutions using a spin-coater, leading to a thickness of typically 90 nm.
The last step involved thermal evaporation of a 90 nm Al top contact.

For FET device fabrications, the active layers were cast from the
same BH] solutions used for the solar cell devices. Si/SiO, substrates
were sonicated in acetone and isopropanol and then treated in the
UV-0; oven for 30 min. Prior to the deposition of active layers, the
Si/SiO, substrates were passivated by hexamethyldisilazane (HMDS)
and then dried on a hot plate at 100 °C in a nitrogen-purged glovebox.
Finally 90 nm of Au was evaporated on top of the BHJ layers through
shadow masks, resulting in a FET channel length of 70 pum and
channel width of 2 mm.

Device Characterization. Solar cell devices were thermal
annealed on a hot plate for 10 min in the N, atmosphere at 140 °C
for P3HT:PC,,BM and 110 °C for DPP(TBFu),:PC,,BM. Standard
solar cell characterizations were carried out in dry nitrogen
environment under simulated 100 mW/cm?> AM1.5G (1 sun)
irradiation from a 300W Xe arc lamp with an AM 1.5 global filter.
External quantum efficiencies (EQE) were measured with a
monochromator, optical chopper, and lock-in amplifier sourced by a
Xe lamp. Photon flux was determined by a NREL certified Si
photodiode.

FET devices were thermally annealed to the same temperatures as
for the solar cells. FET characterizations were performed in a
Lakeshore probe station under a vacuum of ~1 X 10~ mBar by using
a Keithley 4200 semiconductor parametric analyzer. Impedance
spectroscopy was recorded using a Solartron SI 1260 impedance/
gain-phase analyzer. The simulated AM 1.5G light was shined through
a quartz glass window on top of the FET channels with the irradiation
intensity of ~100 mW/cm? calibrated by a photodiode.

3. RESULTS AND DISCUSSION

3.1. Solar Cell Device Characterizations. Figure 3a
shows typical current density—voltage (J—V) characteristics of

dx.doi.org/10.1021/am302833j | ACS Appl. Mater. Interfaces 2013, 5, 2347—2353



ACS Applied Materials & Interfaces

Forum Article

@y []
g o
2
2 4
2
8
- -8
é 10 —— P3HT:PC,BM
34 —— DPP(TBFu),PC,.BM
O -21).2 0.0 0.2 04 0.6 0.8 1.0
Bias [V]
(b) 10
S 08
)
8 0.6
c
8 o4
]
g 0.2
0'300 500 600 700
Wavelength [nm]
() =
40
£ 30
4
10
?400 400 800

500 600 700
Wavelength [nm]

Figure 3. (a) Current density—voltage characteristics (J—V) of solar
cell devices based on active layers comprising of P3HT:PC,,BM (140
°C annealed), and DPP(TBFu),:PC,,BM (110 °C annealed) under
standardized AM 1.5 100 mW/cm?® illumination. (b) UV-—vis
absorption spectra of the according P3HT:PC,,BM and DPP-
(TBFu),:PC,,BM thin films. (c) External quantum efficiency of the
solar cell devices.

the devices comprising active layers of P3HT:PC,,BM
annealed at 140 °C and DPP(TBFu),:PC,,BM annealed at
110 °C. The solar cell parameters upon AM 1.5G illumination
are summarized in Table 1. A higher PCE of 4.3% is found for

Table 1. Parameters of Solar Cells Comprising Active Layer
of P3HT:PC,,BM Annealed at 140 °C and
DPP(TBFu),:PC,,BM Annealed at 110 °C under 100 mW/
cm™? Ilumination

Joe (mA/em?) V. (V) FF PCE (%)
P3HT:PC,,BM 6.6 0.62 0.61 2.5
DPP(TBFu),:PC,,BM 9.8 091 0.48 43

the DPP(TBFu),:PC,,BM than the P3HT:PC,,BM devices
with PCE of 2.5%, owing to a relative high open-circuit voltage
(V,.) of 0.91 V and a large short-circuit current (J,.) of 9.8 mA/
cm®. The deeper highest occupied molecular orbital (HOMO)
of DPP(TBFu), (5.2 eV) can be responsible for the higher V.
as compared to the polymer device.*”*' The high J,. in addition
to the smaller bandgap (1.7 €V) can be ascribed to forming a
desirable nanoscale phase-separated film morphology upon
thermal annealing at 110 °C.*» However, the DPP-
(TBFu),:PC,,BM device displays a low FF of 0.48 when
compared to the P3HT:PC,,BM device having a FF of 0.61,
which is the major limiting factor for the efficiency. An earlier
study on this DPP system has demonstrated that the reduction
of FF is caused by a substantial charge recombination at light
intensities approaching 1 sun.”>>?

Figure 3b shows normalized thin-film UV—vis absorbance of
the two BHJ blends prepared equivalently to the active layer for
devices. Both films show an absorption in 300—400 nm region,
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which is attributed to the absorption of PC,BM . Relative to
the maximum donor absorption at 510 nm for P3HT:PC,,BM,
DPP(TBFu),:PC,BM displays a 85 nm red-shifted donor
absorption at 595 nm with resolved vibronic features.
Additionally DPP(TBFu),:PC,,BM displays a pronouncing
shoulder absorption at 662 nm in comparison to that of
P3HT:PC,,BM appearing at 607 nm, indicative of strong
aggregates formed in the solid-state films upon thermal
annealing.*** Figure 3c shows EQE spectra of these two
solar cell devices. Integration of the EQE spectra agrees with
the J. from J—V characteristics. The peaks of the EQE of
P3HT:PC-,BM and DPP(TBFu),:PC,,BM devices are corre-
lated well to their absorption peaks. On average the
P3HT:PC,,BM device shows a higher EQE (of ~50%) than
DPP(TBFu),:PC,,BM devices over the whole visible spectrum
while the maximal EQE of the latter appears at 590 nm where
the DPP(TBFu), absorbs the most. The noticeable difference
in the film absorption and the corresponding device EQE can
be due to the difference in the film thickness and/or the charge
generation, transport, and collection of the active layer. The
absorption measures a photon absorption event whereas EQE
measures the outcome of multiple processes in the device.
These combined effects may lead to a low light penetration
depth and the generated charge carriers cannot efficiently travel
to the other side of the film toward the contact, thus hurting
the collection efficiency.*> Between the two systems, the larger
Ji. of the DPP(TBFu),:PC,BM solar cell is ascribed to
extended absorption into low energy photons, leading to an on-
set of the photocurrent at around 720 nm. The EQE of the
DPP(TBFu), device however decreases to 35% in the PC,,BM
absorption region when compared to P3HT devices. The
reduction of EQE in this region indicates a lower charge
conversion efficiency in the DPP(TBFu),:PC,,BM blends
when excitons are primarily created on the acceptor phase. A
possible explanation might be due to the relatively large
fullerene domains or the formation of isolated fullerene
domains within the BHJ, which may affect the charge
generation and charge transport, eventually reducing the
change collection efficiency.*®”

3.2. FET Charge Transport and Photoresponse. To
better understand the quantum efficiency and photocurrent
generation in these devices, we examined the charge transport
in the photoactive blends using FET structure. Figure 4a—f
(symbols) display dark transfer (left panels) and output (right
panels) characteristics based on active layers comprising the
P3HT:PC,,BM annealed at 140 °C and the DPP-
(TBFu),:PC,,BM annealed at 110 °C, respectively with drain
voltage V3 =+ 60V (for the transfer) and gate bias Vg =+ 60
V (for the output). For both devices, the transfer curves exhibit
a bipolar behavior, as manifested by the increase of the drain
current (I4) with V, at both p- and n-type modes. We observe a
dominant p-type transport in P3HT:PC,,BM blends over the
n-type one, producing a dark hole mobility () of 5.2 X 107*
cm?/(V s) and an electron mobility (k) of 2.2 X 107> cm?/(V
s). The output curves with V, = + 60 V for the PZHT:PC,,BM
FET in Figure 4b also display a larger hole current with a
saturated I, = 0.16 pA for V4, = —50 V and a saturated Iy
reduced to 0.02 A in the n-type regime for V4, = S0 V. In
contrast, DPP(TBFu),:PC,,BM shows a more asymmetric hole
transport when compared to that of the electron, with y;, = 8.2
X 107 cm?/(V's) and p, = 1.3 X 107° cm?/(V s) in dark. This
trend is observed consistently by output curves (see Figure 4d)
showing a saturated I, at 0.017 uA and at 0.47 A in the p-type
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Figure 4. Transfer (left panels) and output (right panels) character-
istics of field-effect transistors when measured in dark (open symbols)
and under 100 mW/cm ™2 illumination (lines) with V, = £60 V based
on active layers of (a) P3HT:PC,BM annealed at 140 °C, and (c)
DPP(TBFu),:PC,,BM annealed at 110 °C.

and n-type regimes, respectively. The less balanced dark carrier
mobility of the DPP(TBFu),:PC,,BM blends can partially
contribute to the lower FF observed in DPP solar cells shown
in Figure 3a.

We also measured the hole mobility in pristine donor
materials and BHJ blends. From the results shown in Figure S1
(see the Support Information, or SI), we notice that upon
adding the PC,,BM acceptor, the hole currents are reduced for
both blend systems with y;, decreasing from 4.7 X 107 cm?/(V
s) to 52 X 107* cm?/(V s) for P3HT, and from 1.6 X 107*
ecm?/(V s) to 82 X 107% ecm?/(V s) for DPP(TBFu),. The
reduced hole transport when blended with the acceptor
observed here is opposite to poly[2-methoxy-5-(3',7’-dimethy-
loctyloxy)-1,4-phenylenevinylene]:PCBM where the hole mo-
bility increases upon the addition of PCBM.>

Next we focus on studying the photoresponse of the two
BH]J blends under irradiation. The lines in Figure 4a-d show
transfer and output characteristics for the two devices when
measured under 100 mW/cm? irradiation. In both p- and n-
type modes, P3HT:PC,,BM shows the utmost enhancement of
the photoconductivity by displaying a large increase of Iy at
different V. Interestingly, the relatively low dark electron
current can be recovered upon irradiation, from I, = 0.02 yA in
dark to I4 = 0.14 A under 1 sun with V, = 50 V. The electron
current is now on the same order of the hole photocurrent of
0.29 puA for V, = =50 V. This observation is further reflected by
the output carves shown in Figure 4b (lines). The hole and
electron currents (with V, = = S0 V) upon illumination are
enhanced by 2 and 7 folds, respectively, approaching a balanced
I, From Figure 4c, the Iy, of the DPP(TBFu),:PC,,BM device
under irradiation also displays a S-fold increase in the hole-
dominating regimes for V, < —45 and 0 V < V, < 1§ V.
Conversely, one observes a nearly unchanged Iy in electron-
dominating for =45 V < V, <0 Vand 15V < V, < +60 V (see
Figure 4c) upon 1llum1nat10n From the output curves shown in
Figure 4d, DPP(TBFu),:PC,,BM FET exhibits a relatively low
enhancement of I, under irradiation, for example from 0.017 to
0.045 pA in the p-type mode and from 0.47 to 0.69 yA in the n-
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type mode for V; = + 50 V. DPP(TBFu),:PC,BM clearly
show a weaker photoresponse along with much larger
imbalance in transport properties upon irradiation. These
observations to certain degree show a correlation with the
observed lower FF and quantum efficiency of DPP solar cells.
An imbalanced carrier mobility of the BHJ can lead to a
redistribution of charge carrlers, thus resulting in the
undesirable space-charge effect’”® and a stronger charge
recombination.®°

3.3. Photocurrent Generation in OFETs. To establish the
mechanism of the change in the FET characteristics and the
resultant photocurrent (Iyy,(FET)) upon irradiation, where
(FET) is defined by,

(FET) = I, (light) —

photo

I,(dark) (1)
we first measured the FET transfer curves under 100 mW/cm?
illumination based on the two pristine donor materials and the
results are shown in Figure S2 in the Supporting Information. It
is obvious that the neat P3HT depicts a slightly enlarged I,
whereas the DPP(TBFu), show an unchanged current or a zero
Lpoto(FET) without PC;oBM acceptor. Therefore, the observed
FET photoresponse of the two blends is primarily due to the
exciton dissociation and charge transfer via the donor/acceptor
interface in the BHJ.

The occurrence of Ijyo(FET) shown in Figure 4 can be

understood by the illustrations in Figure 1 for the OFET
operated at the p-type or n-type mode. For example when
running the OFET in the p-type mode with Vg = —60 V, (see
Figure 4a), the hole concentration in the conduction channel is
low for a low V, and then the FET is in the off-state. Upon
irradiation, electron—hole pairs are generated in the entire BHJ
active layer due to charge transfer.>’ Because of the presence of
E as shown by the arrows in Figure 1, more electron—hole pairs
are likely to be separated in the area laterally nearing the drain
electrode where the E is stronger. Based on the bias polarity of
the E, separated holes tend to drift toward the drain electrode
leaving electrons moving toward the dielectric/semiconductor
interface. As a consequence, an extra number of holes can be
swept out by the drain electrode, contributing to the
Lipoto(FET). Similarly for the FET operated in the n-type
mode with Vg = 60 V, under a low V,, more electron—hole
pairs photogenerated in the BHJ film are likely to be separated
laterally near the drain electrode. As a result, the extra electrons
swept out by the electrode can contribute to the electron
current, leading to a net L., (FET). On the basis of these two
scenarios, the observed increase in Iy of P3HT:PC,,BM and
DPP(TBFu),:PC,,BM FETs at low V, in panels a and ¢ in
Figure 4 can be rationalized.

When a FET is operated in the saturation regime with
applying a large V, (£60 V), the gate-induced carrier
concentration becomes higher in the conduction channel.
Based on the bias, the E can be approximated by those white
arrows showed in Figure 1c and 1d. In these situations, this
field can also contribute to the separation of light-induced
electron—hole pairs upon irradiation. Differently the
Ljoo(FET) in this reglme is mainly dictated by the photovoltaic
effect and it is given by,>>

I

where A is a prefactor, 7 is the external quantum efficiency, q is
the elementary charge, Py, is the incident light power, Iy, is

photo

q;LPIight

photo

(FET) = a5 (
q

Idark ¢
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the dark current and hc/A represents the photon energy. In
contrast to the scenario depicted in panels a and b in Figure 1,
carrier concentration induced by V is typically of ~1 X 10" to
1 X 10" cm™ when a FET is turned on.>® This can be orders
higher than the free carrier density introduced by photo-
absorption. In addition, further increase of the V, may give rise
to an increased possibility for the charge recombination
between photoinduced and surface trapped charge carriers,™
further limiting the I,,.,(FET). Under such conditions, the Ve
induced charge carriers are dominant for the current in the
OFET. In principle, Iy should be less sensitive to the light
when compared to the low V, regime. However the higher
photoresponse of P3HT:PC,,BM observed in this regime can
suggest that a larger number of photoinduced carriers can be
generated in the active layer. Because the E can be strongly
changed with V,, the larger photoresponse regardless of the V,
implies that charge separation in P3HT:PC,,BM might be less
field-dependent than the DPP(TBFu),:PC,,BM. Another
possible effect is the relatively high photosensitivity in the
pristine P3HT (see Figure S2 in the Supporting Information).

3.4. Photogenerated Carrier Density in OFETs. At last,
we determine the photogenerated carrier concentration (P photo)
upon irradiation in the FET and compare to that achieved in
according solar cell devices under operation. Figure Sa shows
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Figure S. (a) Comparison of the dark and illuminated transfer
characteristics of the DPP(TBFu),:PC,BM FET under the n-type
accumulation with V; = 20 V. (b) Photoinduced carrier concentration
in the DPP(TBFu),:PC,BM film determined from panel a. (c)
Carrier concentration extracted by impedance spectroscopy on the
same device measured in dark (black squares) and under 100 mW/
cm? illumination (red circles), respectively.

dark and illuminated FET transfer characteristics of DPP-
(TBFu),:PC,,BM with Vy = 20 V for the device operated in
the linear regime. The reason of choosing a low Vy is to
minimize the influence from charge injection so that the
difference in I, after irradiation can be attributed mostly to the
photoresponse. The pppo, is determined by the I,q,(FET)
using the followed equations,

L
Prbote = = Lnoto(FET)
PRy, gy WAV " (3)
m, =1+ /4n/;,tp
m, = 1+ %/% (4)

where L, W, and d is the FET channel length, channel width,
and film thickness, respectively, g is the elementary charge, and
Upe is the FET hole or electron mobility in dark. Figure Sb
shows the extracted p}l’hom as a function of V,. The pypq, falls in
the range of ~1 X 10'® cm™ showing a lightly increase from 1

2351

X 10" em™ to 1.2 X 10" cm™ with V, decreasing from 0 V to
—8 V. This is due to the enhancement of the vertical E close to
the drain electrode as depicted in Figure 1b. In order to validate
the p,jqt, determined based on this method, impedance analysis
was performed on the same FET device. Figure Sc shows the
obtained capacitance (C) in dark and upon irradiation as a
function of V,, respectively. The C is greatly enhanced upon
irradiation, which is mainly due to the enhancement of p, in
the photoactive layer. Besides C displays a sharp decrease for 0
V <V, < 6 V where light-induced carriers are being depleted by
the V,. Using the equation given by

2

1 1
St v
C COX €0ty photo
_ 2
pphoto A1/ c)
q€o€: dv
£ (%)

where C,, is the capacitance of the gate dielectric, and ¢, is the
dielectric constant of the active layer, we obtain a pq, of 8.6 X
10" ¢m™ for the DPP(TBFu),:PC,,BM blend. The results of
Pphoto determined with eqs 4 and § are comparable and this can
ensure the applicability of these two analysis methods.
Similarly, we obtain a pyhe of 7.8 X 10" ecm™ for the
P3HT:PC,,BM blend using the FET analysis based in Figure
4a.

Now we compare the p,pq, obtained using FET analysis to
the carrier density generated in the solar cells, which shows a
Pphoto Of 4.4 X 10" cm™ and 6.9 X 10" cm™ for
DPP(TBFu),:PC,BM and P3HT:PC,,BM, respectively at 1
sun.”® The carrier density in solar cells was measured previously
using impedance spectroscopy under illumination.”® Under the
same irradiation intensity, the pyhor, in DPP(TBFu),:PC,BM
solar cells is roughly 4 times higher than the carrier density in
the OFET. In contrast, we observe a similar p,p, of the
P3HT:PC,,BM blends for both device structures, solar cells
and FETs. Although the transistor and solar cell have
distinctions in the charge transport directionality, electric
field, and the photoabsorption by the active layer, the results
help us further understanding the influence of E on the charge
separation. Besides it can imply that the field-dependence of the
charge separation in the DPP(TBFu),:PC,,BM is like to be to
stronger than that in the P3HT:PC,,BM blends. The
photoresponse along with its field-dependence in the OFET
to certain degree can be linked to the solar cell performance
presented in Figure 3. For the DPP(TBFu),:PC,,BM, on top of
the effect of the charge transport, and recombination, etc., the
larger field-dependence of the charge separation can also
contribute to the stronger bias dependence of the photocurrent
in the solar cell and thus the J—V characteristics exhibit a
relatively poor FF.

4. CONCLUSION

To conclude, we investigated the device performance of
polymer and small molecule solution-processed BHJ solar
cells and the photoresponse and dark transport using OFETs.
The field-dependence of the photoresponse can be correlated
with the process of charge separation, which is field-assisted.
For P3HT:PC,,BM, a more balanced carriers mobility, the
weaker field-dependence of the charge separation and higher
photoresponse can contribute to the higher quantum efliciency
and FF observed on the solar cell device. As contrary, the
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DPP(TBFu),:PC,;BM exhibits a large imbalanced dark carriers
mobility, a stronger field-dependent charge generation and a
weaker photoresponse. These behaviors lead to the poor FF
and quantum efficiency in DPP(TBFu), solar cells. We
demonstrate that FET device structure is a useful tool for
understanding the effect of field-dependent charge generation
and charge transport on solar cell performance.
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