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The performance of inverted polymer solar cells (PSCs) was enhanced by introducing TiOx and poly(9,9-
dioctylfluorenyl-2,7-diyl) (PFD) as a hybrid buffer layer. Surface morphology and work function
measurement demonstrated that PFD interlayer eliminated the defects and traps from TiOy surface and
acted as an efficient charge transport matrix, resulting in enhanced electron mobility and reduced
interface resistance. Therefore, the employment of TiOy/PFD composite layer improved to extract
electron from active layer to ITO electrode and dramatically increased device efficiency from 5.717% to
7.272%, accounting for a 27.2% increase. The achieved high device efficiency, low-cost materials, and
solution processes of TiO4/PFD layer provide a promising candidate for realizing high performance

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Polymer solar cells (PSCs) are exhibiting considerable promise
for commercial applications because of considerable advantages in
the realization of a low-cost, printable, flexible, and lightweight
renewable energy source [1-8]. However, the overall performance
of PSCs is still limited by many factors, such as insufficient light
absorption of the photolayer, poor nanomorphology, and low
charge carrier mobility [9-12], further advancement could be
achieved by solving these problems. Generally, photovoltaic
conversion is composed of four processes: (1) photons absorption
and excitons generation; (2) excitons diffusion in active layer; (3)
excitons dissociation; (4) free carriers transport and extraction
[13,14]. Usually, the materials used in PSCs have a low dielectric
constant, and the Coulomb force of charge carriers is larger in PSCs
than that in silicon solar cells, which leads to a tightly binding
hole-electron pair (exciton) after light excitation rather than free
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charge carriers. Also, exciton recombination often occurs in the
process of diffusion, dissociation, and collection. An effective
method to reduce exciton recombination and improve injection
efficiency is to employ the proper electrodes with matched work
functions. Therefore, inorganic buffer layers including TiO,, M0Oy,
and ZnO between the active layer and cathode have been used to
reduce carrier accumulation on the electrode in past few years [ 15—
22]. Ideally, PSCs should have balanced charge transfer and
collection to ensure high charge extraction capacity of electrodes,
which requires a good interface contact between various layers.
However, rebellious nanomorphology of inorganic layer makes it
difficult to attain optimized interface with polymer layer to
enhance interconnected pathways for charge transport, as well as
decrease charge recombination [23-25]. To address the interface
issues, numerous studies have been implemented, such as rational
design of dopant molecules [26], conjugated polyelectrolytes [27],
and self-assemble molecule [28]. However, the utilization of the
amphiphilic materials as the interfacial layer to improve coherence
of active layer and buffer layer is rarely reported.

In this paper, poly(9,9-dioctylfluorenyl-2,7-diyl) (PFD) was
introduced as a modification layer on TiOx to achieve high-
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Fig 1. (a) The device structure of the inverted polymer solar cell, (b) the molecule
structure of PFD.

efficiency for inverted PSCs. The sensitized inorganic/organic
composite interlayer was estimated by the surface morphology
measurement and the work function analysis. It is worthy noting
that PFD perfected TiOx nanomorphology and offered effective
interconnected pathways for electron transfer. PFD capping layer
eliminated the defects and traps from TiOx surface and acted as an
efficient charge transport matrix. Hence, charge transfer rates from
excited polymer molecules to TiO4 can remarkably be accelerated
upon illumination when they are chemically attached. As a result,
the photocurrent density (Jsc) and the fill factor (FF) of PSCs were
increased from 12.726 mA/cm? to 13.682 mA/cm? and 52.549% to
61.29% respectively, leading to a greatly enhanced power conver-
sion efficiency (PCE) from 5.717% to 7.272%.

2. Experimental

The device structure of the inverted PSCs and the chemical
structure of the PFD are schematically presented in Fig. 1. PCDTBT
and PC;1BM were purchased from 1-Material Chemscitech Inc. and
Lumitec Corp. respectively, which were used without purification.
In order to demonstrate the effect of PFD, the device with
configuration of ITO (180 nm)/TiO»(40 nm)/PFD/PCDTBT:PC;;BM
(~100nm)/Mo0Os (4nm)/Ag (100nm) was fabricated. Firstly, a
pretreatment commercial ITO based glass was cleaned by
detergent, deionized water, acetone, and isopropanol in turn.
Secondly, a 40 nm electron transport layer of TiOy was prepared by
sol-gel and spin-coated on cleaned ITO substrates. Thirdly, PFD
dissolved in tetrahydrofuran with the concentration of 1000 ppm
was spin-coated on top of the TiO, thin film, and then annealed at
80°C for 10min in air. The corresponding devices made with
different thickness of PFD were labeled as Device A (0 nm), Device
B (1 nm), Device C (3 nm), Device D (8 nm), and Device E (11 nm),
respectively. PCDTBT (7 mg) and PC7,BM (28 mg) blending were
dissolved in 1mL 1,2-odichlorobenzene solvent. The mixed
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solution was then spun-cast onto the precoated PFD layer to form
the active layer, whose thickness is ~100 nm. Then, the active layer
was annealed at 70 °C for 20 min. Finally, the device fabrication was
completed by thermal evaporation of a MoOy buffer layer (4 nm)
and an Ag anode (100nm) layer at a vacuum of 10 ®torr. The
evaporator is BOC Edwards Auto 306, and the active layer area of
the device is defined by a shadow mask of 2 mm x 3.2 mm. The
photocurrent density-voltage (J-V) characteristic was performed
under 100 mW/cm? with an AM 1.5 G condition. The light intensity
was precisely calibrated by a calibrated silicon solar cell. The
morphologies of the thin films were characterized by atomic force
microscopy (AFM) in tapping mode (Dimension icon scanasyst).
IPCE spectra of the devices were characterized a commercial
photo-modulation spectroscopic setup (DSR100UV-B). J-V char-
acteristics of electron-only device was measured with the device
structure of ITO/TiOx/PFD/PCDTBT:PC7;BM/BCP/Ag and ITO/TiOy/
PCDTBT:PC7,BM/BCP/Ag. J-V characteristic of the diodes was
carried out with the structures of ITO/TiOx/Ag and ITO/TiO4/PFD/
Ag [29-31].

3. Results and discussion

Fig. 2(a) exhibits J-V characteristics of PSCs with TiOy (Device
A) and various thickness of PFD coating TiOy as buffer layers. As
expected, the optimal device (Device C) with TiO/PFD interfacial
layer indicated a Jsc of 13.682 mA cm~2, a FF of 61.29%, and a V. of
0.867V, leading to a PCE of 7.272%. By contrast, the best
performance of the control device (Device A) with TiOy transport
layer owns a PCE of 5.717%, including a V,. of 0.855V, a FF of
52.54%, and a J. of 12.727 mA cm 2. The detailed parameters of all
fabricated devices are summarized in Table 1, which are typical
average of 32 devices. To investigate the operation mechanism of
TiO/PFD based devices, the incident photon-to-electron conver-
sion efficiency (IPCE) is shown in Fig. 2(b). It can be seen that

Table 1
The detailed performance parameters of all PSC devices without and with different
thickness of PFD layers.

Thickness of PFD Device Vo (V)  Jsc (MA/cm?)  FF (%)  PCE (%)
Onm A 0.855 12.726 52.54 5.717
1nm B 0.861 13.272 59.18 6.755
3nm C 0.867 13.682 61.29 7272
8nm D 0.863 12.597 58.49 6.368
11 nm E 0.826 12.413 53.09 5.440
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Fig. 2. (a) J-V characteristics and (b) IPCE of all PSCs without and with different thickness of PFD.
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Device C demonstrates a higher IPCE throughout the visible range
from 380 to 580 nm, and the peak value locates in the band of
475 nm. Thus, Device C possesses a high short-circuit density. The
complete parameters comparison of Device A and Device C,
including V., FF, Jsc, and PCE were summarized in Fig. 3, and the
optimized devices achieved comprehensive advantages. The
introduction of the PFD interfacial layer could match the
energetic alignment and perfect TiOx nanomorphology. Mean-
while, the optimised interface would eliminat the defects and
traps from the surface of TiOx and act as an efficient charge
collection matrix to reduce the contact resistance. Hence, these
effects could provide plenty of interconnected pathways for
charge transport [32-34].

In order to deeply explore the effect of PFD capping layer on the
energy alignment, the changes of the work-functions (WF) induced
by PFD layer were obtained using a Kelvin probe system (KP 6500
Digital Kelvin probe, McAllister Technical Services Co., Ltd.). It is
well known that WF of the cathode and the lowest unoccupied
molecular orbital (LUMO) of the PCBM must be well matched to
form a good Ohmic contact, which is beneficial to balance charge
transfer and minimize contact resistance. As shown in Fig. 4, the
conduction band of TiOx and PCBM are —4.2eV and —3.8¢eV, and
the WF of the PFD and TiOy are —4.2 eV and —4.6 eV, respectively
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Fig. 3. The photovoltaic parameters comparison of control and optimal devices
including (a) Vo, (b) Jse, (c) FF, and (d) PCE.
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Fig. 4. Scheme energy levels of inverted polymer solar cells with (a) TiOx and (b)
TiO/PFD as electron transport layer.

[35]. It indicates that the PFD capping layer provides a bridge
between the LUMO of PCBM and the conduction band of TiOy.
Therefore, the incorporation of PFD coating layer improved the
energy alignment tuning between the WF of ITO and the LUMO of
PCBM, leading to a decreased energy potential. Consequently, the
energy tuning greatly accelerated charge transfer from excited
organic molecules to inorganic electrode, resulting in increased
charge collection.

As is well-known, the performance of PSCs depends on many
factors, and the film morphology plays an important role on the
device performance. Generally, morphology of the film can be
adjusted by controlling the spin-casting solvent, the solution
concentration, the controlled phase separation, and crystallization
induced by thermal annealing [36]. To reveal the function of the
PFD coating layer on TiOy surface, the film nanomorphology was
tested by atomic force microscopy (AFM). Fig. 5 shows the AFM
topographic images of bare TiOy film as well as capping with
different thickness of PFD layer. Bare TiOy film shows a root-mean-
square (RMS) value of 0.52 nm, and the RMS values of TiO,/PFD
films slightly increased to 1.74 nm (Device B), 2.23 nm (Device C),
and 2.79nm (Device D). PFD capping TiO4 resulted in a relative
enhancement of roughness in the interfacial partial area, which
enhanced domain sizes to improve the contact between TiO, and
active layer. Therefore, improved TiOx nanomorphology and
increased interconnected pathways accelerated electron transport
to the bottom-ITO electrode. Especifically, the reformed interfacial
crystallinity and the formation of tight nanoscale domains led to a
close contact, reducing the interface resistance. Additionally, the
evenly distributed PFD layer filled the ditch and decreased
interfacial charge trammel, decreasing charge recombination
probability. Meanwhile, conductive PFD layer could also worked
as efficient charge collection matrix, which penetrated around the
fullerene clusters and the polymer-skin, increasing the diffusion
length in the process of electron transport. Improved interfacial
coherence and electrical conductivity mentioned above reduced
the energy barrier at the TiOyx and active layer interface and
decreased the energy loss within the TiOy itself, thus a higher
photocurrent was developed [37].

To further understand the effect of matched energy alignment
and improved film morphology induced by the PFD layers, the dark
J-V characteristics of inverted PSCs with and without PFD layers
were measured. As indicated in Fig. 6(a), devices with the PFD
layers shows smaller leakage current at negative voltages and low
positive voltages, and rapidly increased current in the space charge
limited current dominated regime was achieved, leading to an
improved rectifying property. Furthermore, the electrical imped-
ance spectroscopy (EIS) of all devices was presented in Fig. 6(b). It
can be seen that Device C exhibits slightly lower charge transfer
resistance than Device A, suggesting that TiO4/PFD buffer layer
effectively facilitates electron transport from the active layer to
ITO. The enhancement of electron transport and decrease of
contact resistance are also reflected in the increased FF.

To deeply investigate the role of PFD layer on the mechanism of
electron transport for the control and optimal devices, the
photocurrent density (J,n)—the effective voltage (Ver) is calculated
and drawn in Fig. 7(a). Herein, Jpn =]Ji-Jp, Vetr= Vo-V, ] and Jp are the
current densities under illumination and in dark, respectively. V is
the applied voltage and V, is the compensation voltage at J,n=0
[38]. Jon increases linearly with Vegrat Vegr < 0.1V, and slope shows
that the maximum exciton generation rate (Gy,ax) of PFD capping
PSCs is higher than the control device. Therefore, interface
modification increases the electron transport and collection,
leading to an enhanced exciton dissociation probability [P(E,T)]
(Fig. 7(b)). Herein, P(E,T)=]pn/Jsar, Where Js is the saturation
photocurrent density. Jp, tends to saturate at Ves>0.8V, and a
higher Jp, usually implies a larger charge extraction efficiency,
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Fig. 5. AFM images of (a) TiOx and TiOx capped with different thickness of PFD layer, (b) TiOx/PFD (1 nm), (c) TiOx/PFD (3 nm), and (d)TiOxPFD (8 nm).
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878 Z. Li et al./Electrochimica Acta 210 (2016) 874-879

(@)

o

a
=

a
S,

10 —o—Device A
—o—Device B
—— Device C
—— Device D
—— Device E

Current density (mA/cm’)

1 2 3 4 5 6 7
Voltage (V)

(b) s
~ 100} /
< /
2
< 50
£ .

- —o— Device A
E‘ o —o—Device B
g —— Device C
_g 50 —— Device D
= —— Device E
£ 100
3
(5]

-150

0.00 0.05 0.10
Voltage (V)

L "
-0.10 -0.05

Fig. 8. (a) J-V characteristics of electron-only device, (b) J-V characteristic of the diodes with the structures of ITO/TiOx/Ag and ITO/TiOx/PFD/Ag.

accounting for a relatively increased FF and J;. for PFD capping
devices [39,40].

For the purpose of directly verifying the effect of PFD capping
layer on the electron transport properties, single-electron devices
were fabricated and represented in Fig. 8(a). It indicates that the
incorporation of PFD made a contribution to the enhancement of
electron mobility, leading to a higher Jsc and FF. We extracted
electron mobility at a typical applied voltage of 1 V using the space-
charge limited circuit model [41-43]. For Device A with pristine
TiO, layer and the optimal Device C, electron mobilities were
calculated tobe 2.36 x 10> cm?V~'s'and 2.8 x 10> cm?V~'s7],
respectively. Meanwhile, the J-V characteristic of the diodes with
the structures of ITO/TiO,/Ag and ITO//TiO,/PFD/Ag were investi-
gated. The electrical conductivity is calculated by the following
equation: d=Gd/A, where § is the electrical conductivity, d is
thickness of the thin film, and A is the device area, G is the
conductance which can be derived from slope of J-V curve. The
calculated electrical conductivity are 5.6 x 10~%S/m (Device A) and
8.8 x 10~4S/m (Device C), respectively. These results suggest that
PFD capping layer can enhance electrical conductivity of cathode
buffer layer and facilitate charge transport through TiO, layer to
ITO electrode.

4. Summary

In conclusion, the performance enhancement of inverted PSCs
was achieved via introducing PFD to cover TiOy buffer layer. The
efficiency of PSCs was increased from 5.717% up to 7.272%,
accouting for a 27.2% enhancement. After PFD layer was employed,
the better matching energy alignment between PFD and PC;;BM
and improved nanoscale morphology were achieved, which
facilitated charge carriers collection from photoactive layer and
decreased unwanted charge recombination, resulting in an
enhanced PCE, FF, and Js.. Our study provides an effective approach
to realize high performance PSCs.
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