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In this paper, the effects of optical interference and annealing on the performance of PSHT:PCBM based organic

solar cells are studied in detail. Due to the optical interference effect, short circuit current density (Jsc) shows obvious

oscillatory behaviour with the variation of active layer thickness. With the help of the simulated results, the devices

are optimized around the first two optical interference peaks. It is found that the optimized thicknesses are 80 and

208 nm. The study on the effect of annealing on the performance indicates that post-annealing is more favourable

than pre-annealing. Based on post-annealing, different annealing temperatures are tested. The optimized annealing

condition is 160°C for 10 min in a nitrogen atmosphere. The device shows that the open circuit voltage Voc achieves

about 0.65V and the power conversion efficiency is as high as 4.0 % around the second interference peak.
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1. Introduction

Solar cells have become more and more attractive
as the demand for renewable energy sources increases.
The biggest obstacle of the traditional inorganic solar
cells, especially the crystalline silicon-based solar cells,
is the high manufacturing cost. Due to the promis-
ing low cost, flexibility, ease of fabrication, etc, now
more and more attention has been paid to organic so-
lar cells.' =% Since the discovery of ultrafast charge
transfer between polymer and fullerene materials, 6!
the power conversion efficiency (PCE) for bulk hetero-
junction (BHJ) solar cells has been improved steadily,
which makes it possible to put them into practical ap-
plications in the near future.

Usually, BHJ organic solar cells are composed of
a blend layer of conjugated polymer as electron donor
(D) and fullerene as electron accepter (A). During the
drying process, the materials are phase-separated due
to thermal demixing, thereby forming interpenetrat-
ing domains of D and A materials. Upon excitation by
a photon, an excited state is formed, which in semicon-
ducting conjugated polymers typically has a diffusion
length of less than 10 nm. Then for a well blended
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layer, the length scales of D and A phases should be
smaller than the exciton diffusion length, so that most
of the generated excitons can be dissociated into free
carriers before decay. The electric field in the device,
generated between the cathode and the anode, will
pull the free electrons and holes to their respective
electrodes before recombination. This transport pro-
cess restricts the total active layer thickness which has
a typical thickness of about 100 nm.!”) Because poly
(3-hexylthiophene) (P3HT) has a high hole mobility
in the regioregular state (10~ to 1072 ¢cm?/(V-s)) and
an absorption tail extending into the red region, it ap-
pears to be one of the most suitable conjugated poly-
mers to date for BHJ solar cells.

Because the active layer is very thin in organic
solar cells compared with the incident light wave-
length, the optical interference effect will influence
the absorption and then the short circuit current den-
sity (Jsc)-
thicknesses, the corresponding carrier transport pro-

In addition, for different active layer

cesses are also different.[8] Then, the device perfor-
mance depends on thickness. It is also found that
the performances of P3HT:PCBM based devices can
be greatly improved by annealing. After annealing,
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Jsc and fill factor (FF) have been observed to ob-

[9=13] However, the performance en-

viously increase.
hancement is related to the annealing sequence (pre-
annealing, which is the annealing before the deposition
of Al cathode, and post-annealing which is the anneal-
ing of the whole completed solar cell) and annealing
temperature. In the present study, the effects of op-
tical interference effect and annealing on device per-
formance are studied in detail. According to the sim-
ulated results based on the optical model, the thick-
ness is optimized around the first and second optical
interference peaks and the optimized thicknesses are
found to be 80 and 208 nm, respectively. By compar-
ing the post-annealing process with the pre-annealing
process, it is found that the devices with the post-
annealing show a higher PCE. Then different anneal-
ing temperatures are tested for the devices based on
post-annealing to find the optimized conditions. The
optimized device shows that the PCE is as high as
4.0% around the second optical interference peak.

2. Experiment

The solar cells are composed of a layer of
P3HT:PCBM thin film sandwiched between the an-
ode and the cathode.
(ITO)-coated glass substrates were treated sequen-

Firstly, the indium tin oxide

tially with detergent, de-ionized water, acetone, and
isopropanol in an ultrasonic bath each for about 15
min. Then after treating the substrates by oxygen
plasma for about 3 min, a 50 nm thin layer of poly (3,
4-ethylenedioxythiophene) (PEDOT): poly (styrene-
sulfonate) (PSS) was spin coated on the cleaned ITO
glass substrates. After baking the PEDOT:PSS film
at 120°C for about 1 h in ambient conditions, the
substrates were transferred into the glovebox. The
P3HT:PCBM was dissolved in dichlorobenzene at a
weight ratio of 1:0.8 and stirred for more than 72 h
in the glove box before spin casting to form the blend
layer. The blend layer thickness was controlled by
changing the spin speed and solution concentration.
Finally an Al electrode of about 100 nm in thickness
was deposited by e-beam evaporation at a pressure
of 2.4x107*Pa through a shadow mask. No buffer
layer between the organic layer and cathode was used.
The current—voltage (I-V') curves were measured by a
Keithley 2400 source-measure unit in the dark and un-
der air mass (AM) 1.5 solar illumination at intensity
of 100mW /cm?. Absorption spectra of organic films

on glass substrates were measured by a Shimadzu UV-
3101 PC UV-VIS-NIR spectrophotometer.

3. Results and discussion

3.1. Pre-annealing and post-annealing

To compare the effect of the annealing process
on the performance of the photovoltaic device, three
types of solar cells were fabricated in an identical man-
ner except for the annealing conditions. They are de-
vices without annealing, with pre-treatment annealing
and post-production annealing, separately. The typi-
cal I-V curves are plotted in Fig.1.
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Fig.1. [-V characteristics of the photovoltaic cells

ITO/PEDOT:PSS/P3HT:PCBM/Al under AM 1.5 illu-
mination, with the P3HT:PCBM active layer thickness
being about 80 nm and the photovoltaic cells annealed
at 160 °C for 10 min.

The pre-annealed device and the post-annealed
device exhibited an obvious increase in Jsc compared
with the pristine device. The power conversion effi-
ciency (PCE) was also greatly improved correspond-
ingly. The pristine device only showed a PCE of
0.13%. However, after annealing, PCE went up to
1.58% for the pre-annealed device and 3.06% for the
post-annealed device. Obviously, the post-annealed
device showed the best performance. Compared with
the pre-annealed device, the FF of the post-annealed
device increased from 0.43 to 0.61. The increases in
Jsc and FF implied a significant reduction in series
resistance (Rs) of the solar cell. In fact, the value of
R, was reduced from 22.2 Q-cm? for the pre-annealed
device and further to 5.64 Q-cm? for the post-annealed
device.

Both annealing sequences can lead to the growing
of P3HT and PCBM domains. This will induce the

change of the device morphology. Before annealing,
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the P3HT and PCBM domain sizes are very small and
separated so that it is very difficult for electrons and
holes to be collected by their corresponding electrodes
efficiently. However, after annealing, with the P3HT
and PCBM domains growing, an interpenetrating con-
duction network is formed, and the carriers can trans-
port easily.'* Then the carrier loss is reduced. This
can be confirmed by the obvious increase of the Jgc
and FF. However, the rapid PCBM diffusion is also
the main limiting parameter in the blend films.[*-'%]
Too-fast PCBM diffusion rate will induce the forma-
tion of large PCBM aggregates in the PSHT:PCBM
polymer blend and deteriorate the interpenetrating
networks.!'0l Charge generation and interfacial con-
tact between P3HT and PCBM will most likely be
reduced due to the overgrowth of PCBM.['>16] Thus
appropriate annealing should be performed to prevent
the PCBM from overgrowing. In the pre-annealing
devices, it is very easy for the PCBM domain to over-
grow. However, in the post-annealed device, because
of the confinement of the deposited Al film, the PCBM
domain is relatively small. Smaller domain size im-
plies that the overgrowing of the PCBM can be ef-
fectively prevented by overlaying an Al cathode. A
better nanoscale control of the morphology can be pro-
moted by prohibiting a too coarse phase segregation
of PCBM molecules. A similar metal effect was also
demonstrated on the organic surface by using a sil-
ver cap.['”] More efficient charge separation in the in-
creased interfacial areas between P3HT and PCBM is
believed to be one of the reasons for the improvement
of the post-production annealed device. Because the
post-annealed device shows the better performance,
in the following, all the study is carried out under the
post-annealing condition.

3.2. Optical interference effects and ac-
tive layer thickness optimization

Theoretical analysis by using the optical model
is a powerful way to understand and predict the per-
formance of organic solar cells. The optical transfer
matrix formalism (TMF) has been used in the optical
model by us and other groups to predict Jgc of or-
ganic solar cells.®~1°] Here the same method is used
to predict Jsc for the active layer thickness in a range
from 50 to 250 nm. All the optical constants (n, k)
of ITO, PEDOT:PSS, active layer are cited from the
literature.['819 The results are plotted in Fig.2. Dif-
ferent from the Jgc¢ of traditional Si based solar cells,

Jsc here does not increase monotonically with layer
thickness increasing due to optical interference effects
and obviously oscillatory behaviour is observed. In
conventional Si based solar cells, the active layer is
usually thick and the optical interference effects can be
neglected. However, for the organic solar cell, the ac-
tive layer is usually only several hundred nanometres
or even less than one hundred nanometres thick. This
thickness is so thin compared with the wavelength,
that the interference effects cannot be neglected any
more. As shown in Fig.2, when the PSHT:PCBM ra-
tio is 1:0.8, the first and second interference peaks are
found at the P3HT:PCBM layer thicknesses of 85 and
230 nm. Thus work should be done around these two
peaks to optimize the active layer thickness.
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Fig.2. Short circuit current density versus P3HT:

PCBM thickness with ratio P3HT:PCBM of 1:0.8
and device structure being composed of ITO/PEDOT:
PSS/P3HT: PCBM/AL

Figure 3 shows the experimental results for the
As predicted,
Jsc shows a periodic behaviour with the variation of

active layer thickness optimization.

the active layer thickness. The Jgc¢ increases from
6.25 mA/cm? (for the device with active layer thick-
ness t = 64 nm) to 6.93 mA /cm? (for ¢t = 80 nm), and
then decreases around the first interference peak. The
same trend is observed around the second optical in-
terference peak at a thickness of 208 nm. Jgc reaches
a value as high as 10.37 mA/cm? at the second optical
interference peak. The higher Jgc comes from the bet-
ter absorption power. It is obviously shown that the
second peak can absorb more light than the first peak
as shown in Fig.4. Thus the second optical interfer-
ence peak is more preferred to achieve a higher PCE.
Then around this peak, the annealing conditions are
investigated in the following part.
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Fig.3. Optimization of active layer thickness around the first optical interference peak (a) and the second

optical interference peak (b), measured from the devices that are post-annealed at 160 °C for 10 min.
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Fig.4. UV-visible absorption spectra of P3HT:PCBM
(about 80 nm thick) and PSHT:PCBM (about 208 nm
thick).

3.3. Optimization of annealing condi-
tions

The device performance depends greatly on an-
nealing conditions as seen from Fig.5. The reasons
for the performance to be improved by the anneal-

9-13] Tt is clear

ing process have been investigated.
that for an efficient organic BHJ solar cell, the D
and A domains must be small enough so that most
of the excitons can diffuse into the D/A interfaces
before they decay. At the same time, the interpen-
etrating transport network must be formed for the ef-
ficient charge transport. Thus, the morphology opti-
mization is of great importance. By varying the an-
nealing conditions, the morphology can be well con-
trolled. Padinger et all®! reported that Jsc and FF
were obviously enhanced by annealing the device with
an external applied voltage. A latter study by Li et
al ' also reported that the device performance was
improved by a slowing dry process. These results

were related to the better morphology and the increase

9,11,12] The same cause

of the charge carrier mobility.|
should also be responsible for our results. The highest
PCE in our experiments is achieved when the anneal-
ing temperature is 160 °C which is very close to the
annealing temperatures reported by Reyes et al ']
and Ma et al.l'3] Analysis of changes in film morphol-
ogy has shown that the changes in film crystallinity
and aggregation within the film PCBM nanophase
lead to improved photovoltaic characteristics at this
temperature.[') When the annealing temperature is
increased, a steady enhancement of the open circuit
voltage Voc is observed, which is different from the
previous results where the values of Vo¢ are almost
unchanged at different annealing temperatures. Com-
paring our experiments with others[®=13 shows that
their difference lies in the fact that we use the e-beam
evaporated Al rather than the buffer layer and the
thermal evaporated Al. Thus it is suggested that the
e-beam evaporated Al can induce dipoles in the inter-
face between the active layer and the cathode, which
induces the steady enhancement of Vo¢.
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Fig.5. Optimization of glass/ITO/PEDOT:PSS/P3HT:
PCBM/AIl device, showing the relation between device
performance and annealing conditions with PSHT:PCBM
layer thickness kept at a constant of 208 nm.
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Having been annealed at 160°C for 10 min, the
device shows that Vo reaches about 0.65V and the
PCE is as high as 4.0%. The typical I-V curve is
shown in Fig.6. For a solar cell, the characteristic can
be described by

Po g (S 1) VR
Rgn

where Iy}, is the photocurrent, Iy is the saturation

- Iphv (1)

current of the diode, Ry is the series resistance, Ry, is
the shunt resistance, ¢ is the electron charge, n is the
ideal factor, kg is the Boltzmann constant, and T is
the temperature. By fitting the curve (Fig.6), all the
parameters are extracted as listed in Table 1.
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Fig.6. Characteristics of the device around the second optical
interference peak, where the data are well fitted by expression
(1) and the equivalent circuit of the solar cell is also shown.

Table 1. Parameters extracted from the curve (Fig.6).

parameters Ion/(mA/cm?)

Ip/(mA/cm?)

RS/(Q-CmQ) Rsh/(Q-cn’lQ) n

10.409 0.00094

value

3.1 679.7 2.75

4. Conclusions

The effects of optical interference and annealing
on device performance are presented. Due to the opti-
cal interference effect, Jsc shows a periodic behaviour
With the help of
the simulated results, the first two optical interference

with the variation of thickness.

peaks are found to be corresponding to thicknesses of
80 and 208 nm. At the same time, the effect of anneal-

ing on the performance is also studied. It is found that
post-annealing is more favourable than pre-annealing.
Based on post-annealing, different annealing temper-
atures are tested. The optimized annealing condition
is 160°C for 10 min in a nitrogen atmosphere. The
device shows that Vo achieves about 0.65 V and the
PCE is as high as 4.0% around the second interference
peak.
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