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Abstract: Background: The active layer not only must have a strong light absorption in the visible
spectrum but must also be sufficient for charge carrier transport to the electrodes. Electrons in con-
ducting polymer transport by hopping between different energy levels resulted in much lower charge
mobility. Therefore, the thickness of the active layer must be limited, so the separated charge can
reach the corresponding electrodes without recombination. However, a thin active layer has weaker
light absorption, resulting in the low photogenerated current in organic solar cell devices. Further-
more, buffer layers usually have high charge mobility, which in turn would enhance the transporta-
tion of charge from the active layer to electrodes. Metal oxides have been studied to be used as a
cathode buffer layer, such as titanium dioxide (TiO,), zinc oxide (ZnO), efc.

Objective: In this work, behaviors of the photon-electrical characteristics with variation in thickness
of the active (poly(3-hexylthiophene-2,5-diyl) and phenyl-C61 butyric acid methyl ester blend) and
buffer (zinc oxide) layers were investigated.

Method: The influences of the thickness of the active and buffer layers on characteristic parameters
of organic solar cells were investigated by solving the drift and diffusion equation with the photo-
generated current given by the Hetch equation.

Results: The optimum thickness was obtained around 100 nm and below 10 nm for the active and the
ZnO buffer layers, respectively.

Conclusion: Thinner active layer resulted in lower photocurrent due to poor light absorption while at
150 nm thick and above, PCE of the device reduced rapidly because of the high recombination rate
of photogenerated electron-hole pairs. ZnO buffer layer was used as an electron transport layer and a
hole blocking layer in order to improve the cell’s performance. The addition of ZnO enhanced the

PCE up to 2.48 times higher than the conventional device.

Keywords: P3HT:PCBM, solar cell, ZnO buffer layer, thickness, active layer, electron transport layer.

1. INTRODUCTION

Organic solar cells (OSCs) based on the composition of
conducting polymer and fullerene derivatives have drawn
much attention. Owing to its advantages in the production
cost and flexibility over conventional silicon-based devices,
intensive research has been made in order to improve the
power conversion efficiency (PCE) of these devices. Among
the materials, poly(3-hexylthiophene-2,5-diyl) (P3HT) and
phenyl-C61 butyric acid methyl ester (PCBM) have been the
best-seller for more than a decade [1]. Aside from experi-
mental research, theoretical works and simulation models
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were also discussed to study further about the behavior of
organic devices [2, 3]. For a conventional Si-based solar cell,
the J — V characteristic under illumination was given by the
following Eq. (1):

J=Jo{°xp{q(y_m5)}‘}+V_JRS e (1)

nkT h

where J is the reverse saturation current density, n is the
ideality factor, V is the applied voltage, Rs and Rgpare the
series and shunt resistances, respectively. Jsc is the short
circuit current density and also considered as the photocur-
rent. Even though the principles are quite similar, the nature
of OSCs is quite different from its inorganic counterparts.
For example, the behaviors of dark and illuminated current
in an OSC are different from those in a Si-based device.
Along with many factors, these are the reasons why Eq. (1)
is no longer valid for an organic model. Furthermore, the
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mentioned model does not take the effect of the built-in po-
tential Vy,; into consideration. In OSCs, Vy,; can be as large as
1.3 eV. Therefore, the effect of V,; cannot be overlooked. By
solving the continuity equation, Kumar et al. successfully
modeled the J — V characteristic of the bulk heterojunction
(BHJ) solar cells structure of ITO/PEDOT:PSS/
P3HT:PCBM/AI and studied the influence of the constant
electric field on the dark and illuminated current of the de-
vice [4]. The continuity equation is given by (Eq. 2):

J=qun(x)F(x)+qgD, on(x) (2)
ox

where p is the electron mobility, D, is the electron diffusion
coefficient, F(x) is the electric field and n(x) is the electron
density. However, influences of thickness of the active layer
were not still mentioned. Based on the same model for the
dark current, a different attempt was made to simulate the pho-
togenerated current in this paper. Then, the thickness of the
active layer was varied to investigate its effect on the perfor-
mance of the OSC devices. The active layer not only must
have a strong light absorption in the visible spectrum but must
also be sufficient for charge carrier transport to the electrodes.
Electrons in conducting polymer transport by hopping be-
tween different energy levels resulted in much lower charge
mobility (~107- 10" em*V.s compared to ~10° cm*/V.s in
inorganic semiconductor [5]). Therefore, the thickness of the
active layer must be limited, so the separated charge can reach
the corresponding electrodes without recombination. Howev-
er, a thin active layer has weaker light absorption, resulting in
the low photogenerated current in OSC devices. To achieve
high power conversion efficiency (PCE), a compromise be-
tween absorption and recombination is required. For the blend
of P3HT and PCBM, the optimum thickness of the active lay-
er was reported to be 100 nm [1, 6, 7].

Beside optimizing the thickness of the active layer, the
structure of the OSC device itself has also been innovated to
increase cell efficiency. In the multi-layer BHJ structure, buft-
er layers (BLs) were introduced between the active layer and
the electrode. These BLs usually have high charge mobility,
which in turn would enhance the transportation of charge from
the active layer to electrodes. For years, metal oxides have
been studied to be used as a cathode buffer layer (CBL) such
as titanium dioxide (TiO;), zinc oxide (ZnO), etc. Among
those, ZnO is the most widely used material, mainly due to its
high electron mobility, high transmittance in the visible spec-
trum, low cost, simple fabrication process and environmental
stability [8-11]. Moreover, the energy level position of ZnO
material allows it to function well as both the electron
transport layer (ETL) and the hole blocking layer (HBL) [12].
The influences of the ZnO buffer layer were also studied in
this work by varied its thickness from 0 to 70 nm. The results
indicated that the addition of ZnO buffer layer significantly
improved the PCE of the device up to 24.8% compared to that
of the device without the ZnO buffer layer.

2. METHODS

In this work, charges were assumed to travelled in one
dimension to simplify the model. Details on the solution of
Eq.(2) can be found in the work of Kumar et al. [4]. The
final result, from which the drift and diffusion components
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of the current in a practical diode can be calculated, is given
by (Eq. 3):

- q(V - JR;)
D,N, (V,,~V +JR — —7 !
| aD,N, (¥, S)exp(nkT]eXP{exp[ nkT vm, )
_ +
S R
nkT

where N, is the effective density of states, @ is the electron
injection barrier at the anode, d is the thickness of the active
layer, Rs and Rg, is series and shunt resistance, respectively.
To obtain the current density under illumination, the photo-
current (J,n) was added to the model. J,;, as a function of the
applied field, was generated from the Hetch model for pho-
tocurrent [13], given by (Eq. 4):

- V.-V -d’
J , =-2qG, u 1- [
o= 2qGHT = { exp&,ur(Vb,—V)}} 4)

Holes and electrons were assumed to have the same mo-
bility; hence the only product of ptin the model with t is the
average lifetime of carriers with which is the averaged
generation rate.

The structure of the organic solar cell in this work from top
to bottom is ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag. In that,
the ITO layer plays as a cathode, to which electron will move
after dissociation. The ZnO layer is the cathode buffer layer
(CBL) or hole blocking layer (HBL) or electron transporting
layer (ETL). The P3HT:PCBM layer is the optically active
layer. The PEDOT:PSS layer is a polymer mixture that plays
the role of the anode buffer layer (ABL) or electron blocking
layer (EBL) or hole transport layer (HTL) has a band gap of
1.6 eV. The last layer -silver (Ag)- is used as an anode.
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Fig. (1). The J — V characteristic of OSCs with variation in the
thickness of active layer. (4 higher resolution / colour version of
this figure is available in the electronic copy of the article).

3. RESULTS AND DISCUSSION

For all simulated devices in this study, the energy level
for corresponding materials, the thickness of the active layer
and the ZnO buffer layer were adjusted. Other components
were fixed for all calculations. Firstly, the device structure
without the ZnO buffer layer was modeled and its active
layer was varied from 60 to 250 nm, corresponded to device
A to F. The J-V characteristics of these devices were shown
in Fig. (1). The J, FF, V,., and PCE values for each thick-
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Fig. (2). Performance parameters of OSCs extracted from J-V curves with variation in the thickness of active layer. (4 higher resolution /
colour version of this figure is available in the electronic copy of the article).

ness of the active layer were extracted from J-V curves and
depicted in Fig. (2). Due to poor absorption of the thin active
layer, the Jsc of devices A and B were relatively low, at 6.95
and 7.71 mA/cm?’, respectively. This contributed to the low
PCE, at 1.1% for device A and 1.3% for device B. The best
performance was found at 100 nm thick of active layer (de-
vice C) and a minor decrease was seen in device D, at 120
nm thick of an active layer. The PCE of these thicknesses
was 1.45% and 1.44%, respectively. However, the perfor-
mance of the device rapidly reduced with the increase of
thickness of the active layer. Jsc gradually decreased from
7.17 mA/em? in device E to 3.89 mA/cm” in device G. This
trend of reduction was also seen in the FF. Although the
thick active layer benefits the absorption of photon due to the
increase in generation rate, given by (Eq. 5):

d

G=2a(4)®(4)e &)
with the absorption coefficient a(A) and the photon flux
®()), this is not comparable to the change in (Vy; — V)/d in
the Hetch model, hence the reduction of Jy, in thick active
layer devices. From device E to G, Voc and PCE decreased
from 0.36 V to 0.32 V, and from 1.33 % to 0.64 %, respec-
tively. Previous works reported that as the active layer thick-
ness increased, the recombination rate became more and
more significant, resulting in the loss of charges, which
yields the reduction of Jsc and Voc[7, 14, 15]. Overall, the
100 nm P3HT:PCBM active layer was found to deliver the
best performance and this thickness would be used as a
standard for the following study about the influences of the
ZnO buffer layer.

For further investigation of the influences of the active
layer thickness on the OSC current density, based on the

Eqgs.(4, 5) and the experimental optical absorption spectra of
the active layer, as shown in Fig. (3), the induced photon to
current densities were calculated and depicted in Fig. (4).
The results indicated that the OSCs optical absorption and
induced photon to current density were in the range of pho-
ton wavelengths from 300 nm to 640 nm. The induced pho-
ton to current density got the highest value when the active
layer was 100 nm in thick. This is satisfied with the best
short circuit current density obtained by the J-V curves
shown in Fig. (1).
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Fig. (3). Optical absorption spectrum of the active layer. (4 higher
resolution / colour version of this figure is available in the electron-
ic copy of the article).

Fig. (5) presents the J — V characteristics of devices with
the variation in thicknesses of the ZnO buffer layers. The
appearance of ZnO film largely enhanced all parameters of
the devices. The enhanced absorption of the ZnO layer re-
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sulting in the increased Jsc from 7.95 mA/cm?’ of device A to
9.14 mA/cm® of device B. It was noticed that at the
ZnO/PCBM interface, there exists a small difference be-
tween conduction band energy levels Ec of ZnO and PCBM.
However, their valence band energy levels Ey have a much
larger barrier. This means that electrons from the active layer
can diffuse into the ZnO layer much easier than holes can.
And since the presence of holes in the ZnO layer is little
compared to electrons, the recombination rate can be largely
reduced [16]. The large energy barrier from the addition ZnO
can also raise the internal field intensity in the device, hence
increasing the Voc[9, 17-19]. In the simulation, the Voc en-
hanced from 0.325 V to 0.58 V with the appearance of the
ZnO buffer layer. Consequently, the PCE increased signifi-
cantly from 1.45% to 3.6%. The influences of different
thicknesses of the ZnO buffer layer on OSC characteristics
were extracted from J-V curves and shown in Fig. (6a-6d).
The highest Jsc value of 9.15 mA/cm? can be obtained by an
8 nm thick of the ZnO buffer layer (device C). As can be
seen from (Fig. 6a), Jsc of the device will be clearly reduced
as an increase of the thickness of the ZnObuffer layer. Due
to its large band gap, the ZnO film only absorbs the UV
spectrum of the solar irradiance. This resulted in a small in-
crement of the charge generation rate and was immediately
overwhelmed by the large recombination as the thickness
increased. The reduction of Jsc was followed by FF, which is
introduced in Fig. (6b). The J, can be extracted from the J —
V characteristic of the device in the dark by fitting the data
into the simplified Shockley Eq. (6):
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Fig. (4). Induced photon to current density with variation in the
active layer thickness. (4 higher resolution / colour version of this
figure is available in the electronic copy of the article).
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From Eq.(6) and V¢ from the simulation results, J, was
found to decrease at a higher thickness of the ZnO Ilayer.
However, this decrement was much smaller than the reduc-
tion of Jsc. Therefore, the result of In(Jsc/Jy) in these cases
increased, yielded the increment of 2% in V¢, as presented
in Fig. (6¢). However, an increment of Voc could not com-
pensate for the drop of FF, as this parameter reduced linearly
from 69 % to 65 %. Overall, the optimum thickness for ZnO
films was under 10 nm.
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Fig. (5). The J — V characteristic of OSCs with variation in the
thickness of ZnO buffer layer. (4 higher resolution / colour version
of this figure is available in the electronic copy of the article).

To further evaluate the quality of the results, we applied
the simulation model to the work of Liang et al. [20] and
recalculated the J — V characteristic of 4 devices with the
ZnO films at approximate 4, 7, 20 and 35 nm thick. The ZnO
layer thickness, Rg and Rg, for each calculation were set,
according to the original paper, while other parameters re-
mained unchanged. Details on the result of the simulation are
listed in Table 1. Overall, differences in Jsc and Voc are neg-
ligible, at roughly about 0.12 mA/cm* and 0.01 V, respec-
tively. However, for FF and PCE, it is quite noticeable. At 7
nm thick, the FF obtained from simulation is 2.13% larger
than one from [20]. PCE from the simulation is also higher,
at 3.42% compared to 3.30%. To explain the differences
between these results, the role of the ideality factor n is in-
vestigated. In ideal cases, n is equal to 1 and this parameter
is used to determine the quality of the diode. As the recom-
bination is thickness dependent, n is expected to be different
with each thickness[21]. But, since the study [20] did not
mention this parameter, n remained unchanged in the simula-
tion. This could be one reason for the mixed results of the 7
nm model. Regarded, the simulation model still exhibits ac-
ceptable results with the experimental data in terms of opti-
mum thickness.

CONCLUSION

In summary, the J — V characteristic of an organic solar
cell has been modeled. By using the Hetch model for photo-
current, in addition to solving the drift and diffusion equation
of electron in a semiconductor, the influences of active layer
thickness and ZnO buffer layer thickness on the device per-
formance have successfully studied. For the active layer, the
result showed that the optimum thickness is around 100 nm.
The thinner layer resulted in lower photocurrent due to poor
light absorption while at 150 nm thick and above, PCE of the
device reduced rapidly because of the high recombination
rate of photogenerated electron-hole pairs. ZnO layer was
used as an electron transport layer and a hole blocking layer
in order to improve the cell’s performance. The addition of
ZnO enhanced the PCE up to 2.48 times higher than the con-
ventional device. However, as its thickness increased, the FF



The Active and Buffer Layers in Organic Solar Cell

(a') -I'\ l l I I I '
90 F 4

Jsc (mA/cm?)

—u—Jsc

8.0 E

0.585

0.580 / .

0.575 [ —e—\oC E

Voc (V)

4
0 10 20 30 40 50 60 70 80
Buffer Layer Thickness (nm)

0.570

Current Nanoscience, 2020, Vol. 16, No. 00 5

69 —————T———T————T——7
(b)e.
0\’
68| \ _
;\3 L 2
L \
I e7f " _
—eo—FF \
66 | .
*
PO
(;i) ——————————
| Wﬁ\ -
g 34t 1
L
O
® 3
’ —v—PCE
3ot v

0 10 20 30 40 50 60 70 80
Buffer Layer Thickness (nm)

Fig. (6). Performance parameters of OSCs extracted from J-V curves with variation in the thickness of ZnO buffer layer. (4 higher resolution
/ colour version of this figure is available in the electronic copy of the article).

Table 1. Comparison parameters of OSCs between ref. 14 and simulation data results.

Jsc (mA/em?) Voc (V) FF (%) PCE (%)
ZnO Thickness (nm)
Ref. 14 Simulation Ref. 14 Simulation Ref. 14 Simulation | Ref. 14 | Simulation
4 9.17 9.05 0.60 0.61 52 51.85 2.90 2.86
7 9.59 9.52 0.61 0.618 56 58.13 3.30 342
20 9.48 9.478 0.61 0.615 51 52.61 2.99 3.07
35 9.42 9.374 0.61 0.6115 51 50.62 2.94 2.9
reduced gradually by the loss of charges due to recombina- FF = fill factor
tion. The best performance was found at 8 nm thickness. v _ open circuit voltage
Then, the model was used to simulate the work in the study oc P . J
[20] to evaluate its application possibility for real OSCs. For OSCs = Organic solar cells
qu anq V.OC’ the result from simulation and experiment was PCE _ power conversion efficiency
quite similar. However, the FF and PCE from the 7 nm mod-
el were 2.13% and 0.12% higher, respectively. These differ- BLs = buffer layers
ences are expected from the fixed ideality factor n in the BH] = bulk heterojunction
simulation. Nevertheless, the simulation model still showed
good results, compared to the experimental data and can CBL = cathode buffer layer
Work Well Wlth Othel’ aCl’ual OSCS ETL = electron transport layer
HBL = hole blocking layer

LIST OF ABBREVIATIONS

P3HT = poly(3-hexylthiophene-2,5-diyl)
PCBM = phenyl-C61 butyric acid methyl ester
Zn0 = Zinc Oxide

Jsc = short circuit current density
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