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In this work, the influence of a small-molecule material, tris(8-hydroxyquinoline) aluminum (Algs), on bulk het-
erojunction (BHJ) polymer solar cells (PSCs) is investigated in devices based on the blend of poly(2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV) and [6,6]-phenyl-Cg1-butyric acid methyl ester (PCBM). By dop-
ing Alqs into MEH-PPV:PCBM solution, the number of MEH-PPV excitons can be effectively increased due to the
energy transfer from Alqs to MEH-PPV, which probably induces the increase of photocurrent generated by excitons
dissociation. However, the low carrier mobility of Alqs is detrimental to the efficient charge transport, thereby blocking
the charge collection by the respective electrodes. The balance between photon absorption and charge transport in the
active layer plays a key role in the performance of PSCs. For the case of 5 wt.% Alqs doping, the device performance
is deteriorated rather than improved as compared with that of the undoped device. On the other hand, we adopt Alqs
as a buffer layer instead of commonly used LiF. All the photovoltaic parameters are improved, yielding an 80% increase
in power conversion efficiency (PCE) at the optimum thickness (1 nm) as compared with that of the device without
any buffer layer. Even for the 5 wt.% Alqs doped device, the PCE has a slight enhancement compared with that of the
standard device after modification with 1 nm (or 2 nm) thermally evaporated Alqs. The performance deterioration of
Algs-doped devices can be explained by the low solubility of Alqs, which probably deteriorates the bicontinuous D—A
network morphology; while the performance improvement of the devices with Alqs as a buffer layer is attributed to the
increased light harvesting, as well as blocking the hole leakage from MEH-PPV to the aluminum (Al) electrode due to

the lower highest occupied molecular orbital (HOMO) level of Alqs compared with that of MEH-PPV.
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1. Introduction

Organic solar cells have attracted more atten-
tion due to their potential advantages such as low
cost, light weight and roll-to-roll manufacturing on
flexible substrates. In the past two decades, the
power conversion efficiency (PCE) of organic-based
solar cells has been improved steadily.' =4 However,
it is still low in comparison with inorganic semicon-
ductor counterparts. In general, two major factors
that restrict the further enhancement of the PCE are

short exciton diffusion length (typically Lp ~ 10 nm,

much less than the optical absorption length L ~
100 nm) and poor charge carrier mobility in most
organic semiconductors.!®% In order to address the
first problem, electron donor and acceptor materi-
als were blended into interpenetrating network struc-
ture known as BHJs.') In addition, the design of
tandem structures, in which multiple organic layers
covering complementary absorption spectra are used
for enhancing spectral coverage, is another effective

(3:6.7] but the complicated fabrication pro-

approach,
cedure and the demand for the intercellular layer are

additional difficulties.
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Zhang et al® reported a simple tandem struc-
ture in which a thin CuPc layer was inserted be-
tween PEDOT:PSS and P3HT:PCBM layers. Two
individual subcells of CuPc/PCBM and P3HT:PCBM
were formed and regarded as a parallel connection, re-
sulting in the increased short-circuit current density
(Jsc) and PCE. Hayashi et al.”) improved the open-
circuit voltage (V;.) by incorporating MEH-PPV into
P3HT:PCBM BHJ solar cells, and attributed the en-
hancement to the modification of the HOMO level of
the polymer. In the present paper, the influence of
a small-molecule material Alqs on the performance
of polymer solar cells is investigated in devices based
on MEH-PPV and PCBM blend. We adopt two ap-
proaches, which are simply to dope Alqs into MEH-
PPV:PCBM solution and to deposit Algs on the top of
MEH-PPV:PCBM composite film via thermal evap-
oration. The improved performance of PSCs is ob-
tained for the devices using Alqs as an interlayer be-
tween MEH-PPV:PCBM and Al layers.

2. Experimental detail

All the devices were fabricated on patterned in-
dium tin oxide (ITO) coated glass substrates, which
had been carefully cleaned by acetone, ethanol and de-
ionized water consecutively and then blown dry by ni-

(a) ‘
hl—

trogen gas. After the cleaned ITO substrates were ex-
posed to UV-ozone for 10 min, a thin layer of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) was spin-coated onto the ITO surface with
a speed of 2000 rpm (round per minute) for 50 s and
then baked at 120 °C for 10 min. The active layer
of MEH-PPV:PCBM (dissolved in chlorobenzene with
a weight ratio of 1:4) with and without Alqs (dis-
solved in chloroform) doping were both spin-coated
at 2000 rpm. The ratio of Alqs to MEH-PPV ranged
from 0 to 30 wt.%. Finally, a buffer layer of Alqs and
an Al cathode were deposited via thermal evaporation
through a shadow mask, giving an active device area
of 0.1 cm?. Figure 1 shows the device structure of the
polymer solar cells and the molecular structures of the
organic materials used in the study.

The current—voltage (I-V) characteristics were
measured using a Keithley 2410 source measurement
unit in the dark and under illumination of 150 W
Xenon lamp with an intensity of 150 mW/cm?. The
absorption (ABS) spectra of organic films spin-coated
on pre-cleaned quartz substrates were measured with
Shimadzu UV-3101 PC spectrometer and the photo-
luminescence (PL) spectra were obtained by charge-
coupled devices (CCDs). All the measurements were
performed under ambient atmosphere at room tem-
perature.

Fig. 1. Device structure of polymer solar cells (a), the chemical structures of MEH-PPV (b), PCBM (c) and

Algs (d).

3. Results and discussion

The absorption spectra of MEH-PPV:PCBM
(1:4) films with and without Algs doping were mea-
sured and are shown in Fig. 2. The main absorption
peaks of pure MEH-PPV, PCBM and Alqs are lo-
cated in the vicinities of 500 nm, 335 nm and 395 nm,

respectively. The complementary absorption of Algs

\
enhances the light harvesting in a range of 350-450 nm
where MEH-PPV and PCBM absorb the light weakly,
thereby broadening the absorption spectrum of the
whole active layer. Comparing the PL spectrum of
Alqs with the absorption spectrum of MEH-PPV (see
Fig. 3(a)), we find an effective spectral overlap, which

indicates a probability of Forster energy transfer from
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Algs to MEH-PPV. To further confirm this, the PL
spectra of MEH-PPV:Alqs with various blend ratios
(1:z,2=0,0.3, 0.6, 1) are shown in Fig. 3(b) (the
excitation wavelength was 350 nm). There is no emis-
sion of Alqs for the 30% doping concentration, sug-
gesting that the energy transfer from Alqs to MEH-
PPV is nearly absolute. However, when the doping
concentration increases to 60%, the emission of Alqs
peaked at around 530 nm appears, which indicates an
incomplete energy transfer; when it further increases
to 100%, the Alqs emission is more obvious. On vary-
ing the excitation wavelength to 390 nm, the same
phenomenon was observed (the relevant data are not

shown here).
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Fig. 2. Normalized absorption spectra of MEH-PPV

(solid diamonds), PCBM (open up-triangles), Alqs (solid
squares), MEH-PPV:PCBM (1:4 in weight) (open down-
triangles) and MEH-PPV:PCBM:Alq3(1:4:0.6 in weight)
(open circles) films on quartz substrates.
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Fig. 3. (a) Optical absorption of MEH-PPV film and PL spectrum of Alqs film, and (b) PL spectra of pure
MEH-PPV and MEH-PPV:Algs (1:0.3, 1:0.6 and 1:1) films with 350 nm excitation.

3.1. Influence of Alq; doping on perfor-
mances of PSCs

The
V)  characteristics of the
ITO/PEDOT:PSS/MEH-PPV:PCBM
weight)/Al  and 5%  Alqs doped  device:
ITO/PEDOT:PSS/MEH-PPV:PCBM:Alq;  (1:4:5%
in weight) /Al under illumination at 150 mW /cm? are
depicted in Fig. 4. With Alqs doping, all photovoltaic
performance parameters are descending as compared

current density versus voltage (J-
standard  device:

(14 in

with those of the undoped device. Comparing the two
J-V curves, we find that the doped-device exhibits a
higher series resistance (Rs) and a lower parallel re-
sistance (R},), which may be responsible for the drop

of the device performance. The values of Ry and R,
are given by the inverse gradient of the photo J-V
curve at 0 mA/cm? and at 0 V, respectively. It is
known that Js strongly depends on charge mobil-
ity in addition to optical absorption.l'® According to
the literature report, the electron mobility of Alqs
(pte ~ 107% em2-V~1.s71) is much lower than that of
PCBM (pe ~ 1072 ecm?-V~—1.s71), which inevitably
results in the increase of the bulk resistance.':1%
The electron transport is impeded due to a higher R,
leading to the reduction in Js.. As for the lower fill
factor (FF), it is also attributed to the increased Rs
and decreased R, caused by the low charge carrier

mobility of Alqs.
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Fig. 4. J-V characteristics of the standard device, only 5% Alqs-doped device and 5% Alqs doped-device

modified by 1 nm and 2 nm thermally evaporated Alqgs, respectively. The illumination intensity is 150 mW/cmz.
Insert shows J-V characteristic of MEH-PPV:Alqs (1:0.2) under the same illumination.

Table 1. Performance summary of organic photovoltaic devices with Alqs doping as well as both Alqs

doping and modification (1:4:0.5/1 nm (2 nm) represents the 5% Alqs doped device with 1 nm (2 nm)

thermally evaporated Alqs as a buffer layer).

Jsc/(mA /cm?) Voo /V FF/% PCE/% Rs/Q R,/Q

1:4 4.26 0.71 37.9 0.76 857.60 3776.11
1:4:5% 3.58 0.64 32.5 0.50 1168.36 3499.03
1:4:5%/1 nm 4.40 0.68 39.8 0.79 551.07 3700.45
1:4:5%/2 nm 4.76 0.67 42.0 0.89 454.29 4006.61

To thoroughly study the influence of Alqs dop-
ing on device performance, the doping concentration
is varied from 0 to 30% while the MEH-PPV:PCBM
ratio (1:4) keeps constant. Figure 5 shows the J-V
characteristics for the devices with various Alqs dop-
ing ratios. As the amount of Alqgs increases, the Jg.
decreases from 4.91 mA/cm? to 3.86 mA/cm?, but
exhibits a non-monotonic trend; while the V. re-
duces from 0.8 V to 0.64 V monotonically. Figure
6 shows the variations of Jy., Vo and FF with Alqs
doping ratio. For 2% Alqs doping, it is worth not-
ing that the FF improves dramatically from 41% to
45.6%. In the MEH-PPV:PCBM system, the hole
mobility of MEH-PPV (u, ~ 107% cm®V~1s71) is
significantly lower than electron mobility of PCBM
(fte ~ 1073 cm?-V—1.s71).18] Although it has been
found that the hole mobility increases when PCBM
is blended into a poly(phenylene vinylene) derivative
compared with the pristine polymer films, the mobil-
ity difference between electrons and holes in the blend
also exists, which results in the limitation of FF.[4
By incorporating Alqs into the MEH-PPV:PCBM sys-

tem, the carrier transport is more balanced due to the
decrease of electron mobility to a proper extent. This
can prevent the hole accumulation and consequently
results in a larger FF. When the doping ratio of Alqs
is higher than 2%, the FF drops off because of the
over decrease of the electron mobility. As the doping
ratio of Algs goes up to 10%, the Jy. increases from
3.87 mA /em? to 4.35 mA /cm? as compared with that
of 2% Alqz-doped device.

in terms of the improved light harvesting caused by

This can be rationalized

the absorption of Algs and the effective energy trans-
fer from Alqs to MEH-PPV. However, the Jg is still
One

possible reason is due to the significantly increased

small compared with that of undoped-device.

R,. Another reason is that the excitons cannot be
split efficiently at the MEH-PPV/Alqs interface,%
which is testified by the MEH-PPV:Alqs (1:0.2) BHJ
device yielding the Ji. only 0.19 mA /cm? (see the in-
sert of Fig. 4). When the doping ratio of Alqs reaches
up to 30%, the Jy. decreases to 3.86 mA/cm?. As the
above discussion, 30% Alqs can transfer the energy
to MEH-PPV almost absolutely in MEH-PPV:Alqs
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blend film. However, it is known that the energy
transfer efficiency is inversely proportional to the sixth
power of donor-to-acceptor distance. After blending a
large amount of PCBM into MEH-PPV:Alqs solution,
the distance between Alqs molecules and MEH-PPV
molecules will be enlarged, which maybe results in the
incomplete energy transfer. This is why the Jg de-
creases for 30% Algs-doped device as compared with
that of 10% Algs-doped device.
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Fig. 5. J-V characteristics for BHJ devices with dif-
ferent Alqs doping ratios under illumination. Insert
shows schematic energy band diagram of the MEH-

PPV:PCBM:Alq3s BHJ device.
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Fig. 6. Jsc (W), Voc (O) and FF (e) of photovoltaic de-
vices each as a function of Algs doping ratio.

The introduction of Alqs also affects the value
of V. for MEH-PPV:PCBM solar cells. Up to now,
the origin of V,. remains controversial. Most reports
suggest that V.. depends mainly on the energy dif-
ference between the highest occupied molecular or-
bital (HOMO) of the donor and the lowest unoccu-
pied molecular orbital (LUMO) of the acceptor.:16:17]
Besides, it is also influenced by the surface morphol-
ogy of the polymer thin films!*® and the difference in
work function between the two electrodes.!'”) Chan et
al.?% improved the V,. by doping rubrene into stan-
dard CuPc/Cgp organic photovoltaic device, and at-

tributed the increased Vi to the large energy differ-
ence between the HOMO of rubrene and LUMO of Cgg
compared with that between CuPc and Cgg. A sim-
ilar conclusion and also a similar interpretation were
given by Hayashi et al.”) and Kao et al.['8) As shown
in the insert of Fig. 5,16 the energy difference be-
tween the HOMO of MEH-PPV and LUMO of Alqs is
also larger than that between MEH-PPV and PCBM,
but the V. of Alqs doped-devices is descending rather
than ascending as compared with that of undoped-
device. As stated above, it is believed that the ex-
citons are generated mainly in MEH-PPV because of
the weak absorption of PCBM and the energy transfer
from Alqs to MEH-PPV which is almost absolute. As
a consequence, two individual subcells, namely MEH-
PPV:PCBM subcell and MEH-PPV:Alqs subcell, are
formed and regarded as a parallel connection. The
stand-alone MEH-PPV:Alqs photovoltaic cell exhibits
a Voo of 1.12 V (see the inset in Fig. 4). Accord-
ing to many relevant studies!®16:2%] the V. of ternary
blend solar cell should be intermediate between that of
two stand-alone subcells, which is between 0.8 V and
1.12 V herein. However, the experimental results are
apparently discrepant with this conclusion. It is well
known that Vi is not only dependent on the difference
between the energy levels of the donor HOMO and ac-
ceptor LUMO, but also influenced by the surface mor-
phology of the active blend films. As a small-molecule
material, the very low solubility of Alqs may deteri-
orate the bicontinuous D—A network morphology due
to nonuniform distribution throughout the blend film,
which probably results in the V. drop.

3.2.Influence of Alq; modification as

a buffer layer on performances of
PSCs

In order to elucidate the effect of Alqs on the
MEH-PPV:PCBM (1:4) solar cells, the structure of
ITO/PEDOT:PSS/MEH-PPV:PCBM (1:4)/Alqs/Al
was designed, in which Alqs was deposited through
thermal evaporation and the thickness, ranging from
1 nm to 3 nm, was monitored with a quartz oscillat-
ing crystal. The illuminated J-V characteristics of
the devices with different thicknesses of Alqs are de-
picted in Fig. 7. After introducing Alqs as a buffer
layer, all the parameters are improved. At an opti-
mized thickness of 1 nm, the PCE increases by about
80% compared with that of the standard device. Table
2 summarizes the key cell parameters as a function of
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Alqs thickness under illumination. Song et al.?!l sup-
posed that the function of a thin buffer layer for effi-
ciency improvement was to protect the organic layer
during metal deposition, which is also supported by
other investigations.!?%-23] Here, we suggest three other
effects: (i) preventing the excitons generated in MEH-
PPV from quenching at the polymer/Al interface, (ii)
blocking the diffusion of holes from MEH-PPV to Al
due to the lower HOMO level of Alqs compared with
that of MEH-PPV (see Fig. 5 insert),[?* and (iii) in-
creasing the light harvesting, owing to the absorption
of Alqs and energy transfer from Alqs to MEH-PPV.
In addition, among the three photovoltaic parameters,
we should especially note that the V. also increases
for the devices with Alqs as a buffer layer, which in-
directly demonstrates that the reduced V,. for Alqs
doped devices originates from the worsen morphology

caused by the low solubility of Alqs.
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Fig. 7. J-V characteristics of the standard device:
ITO/PEDOT:PSS/MEH-PPV:PCBM (1:4)/Al and Algs
modified device: ITO/PEDOT:PSS/MEH-PPV:PCBM
(1:4)/Algs (1, 2 and 3 nm)/Al under illumination.

Table 2. Key parameters for organic photovoltaic devices with different thicknesses of Alqs as a buffer

layer.
Algs/nm Jsc/(mA/cm?) Voc/V FF/% PCE/% Rs/Q Rp/Q
0 4.28 0.72 34.0 0.70 672.72 2961.85
1 5.64 0.75 44.2 1.25 397.54 3816.25
2 5.83 0.77 40.2 1.20 529.05 3147.44
3 5.26 0.77 40.5 1.09 484.25 3066.68

3.3.Influence of both Alqs; doping and
modification on performances of

PSCs

For the 5% Alqgs doped device discussed at the
beginning, the low PCE as compared with that of the
undoped device is ascribed mainly to the increased
R and the decreased R,. On the other hand, adopt-
ing Algs as a buffer layer can reduce the value of Ry
and enhance the value of R, (see Table 2). With this
consideration, we modified the 5% Alqgs doped device
with 1 nm and 2 nm thermally evaporated Alqs, sep-
arately. Their J—V characteristics under illumination
are shown in Fig. 4. Table 2 listes the key parame-
ters of the photovoltaic devices with Alqs doping as
well as both Alqs doping and modification. After the
devices are modified, their parameters are all almost
recovered. The values of Js. and FF are even high as
compared with those of the standard device, giving a
slight enhancement of the PCE despite the improved
but still low V.. Additionally, it can be clearly seen
that as expected, the value of Ry of the device with
Alqs doping and modification decreases and is even

lower than that of the standard device. As we know,
the Rs is composed of the bulk resistance (Rs pulk) of
the active layer and the contact resistance (Rs contact)
between the active layer and the electrodes.[?®! De-
spite the increased Rgnuk caused by the lower carrier
mobility for the Alqs doping device, the modification
with 1 nm (or 2 nm) Algs can compensate this loss
by reducing the Rg contact, Which results in a smaller
value of Rg. This further confirms that adopting Alqs
as a buffer layer is an effective approach to the im-
provement of the device performances of PSCs.

4. Conclusion

We have investigated the influence of a small-
molecule material Algs on the performance of polymer
solar cells based on MEH-PPV:PCBM blend via the
methods of doping and thermally evaporating Alqs.
For the Algs-doped device, the reduced performance
may be due to the low carrier mobility and the low
solubility of Alqs, resulting in the increased Rs and
the worsen morphology of the active film, despite the
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broadened absorption spectrum with considering the
energy transfer from Algs to MEH-PPV. On the other
hand, all the photovoltaic parameters are improved
by adopting Alqs as a buffer layer, which can be ex-
plained by the increased light absorption, as well as ef-
fectively preventing the excitons and holes from diffus-

ing to the Al cathode. We modify the 5% Alqs-doped
device with 1 nm and 2 nm Alqs interlayer separately.
Their parameters are all almost recovered, yielding a
slight enhancement of the PCE as compared with that
of the standard device.
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