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A cathode buffer layer made of CdSe quantum dot (QD) is introduced in inverted poly(3-
hexylthiophene) (P3HT): Indene-Cgo Bis-Adduct (ICBA) inverted bulk heterojunction (IBHJ)
solar cell. The open-circuit voltage and fill factor increase respectively to 0.88 V and 68.71%,
due to the enhanced electron extraction by inserting a CdSe QD layer on Cs,COs/ITO
cathode. Thus, the power conversion efficiency increases from 4.6% to 5.2% and the envi-
ronmental stability is also much improved. By analyzing transmission electron microscope
and energy dispersive X-ray spectroscopy, it is found that CdSe QD layer retards Cs diffu-
sion into active layer, leading to improve the lifetime. The ideal temperature dependence of

P3HT Voc under various illuminations has been achieved with the maximum V¢ of 1.205 V.

ICBA
Inverted structure

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Organic solar cells are of increasing interest for renew-
able energy due to their low cost and low temperature pro-
cess with printing. Especially, bulk hetero-junction (BHJ)
solar cells with a blend of polymer and fullerene deriva-
tives based on solution process are the most promising
for flexible, large area applications [1-3]. The conventional
BH]J solar cells using regio-regular poly(3-hexylthiophene)
(rr-P3HT) and (6,6)-phenyl C;; butyric acid methyl ester
(PC7:BM) show the power conversion efficiency (PCE) of
3-5% [3,4] and Li et. al. reported that Indene-Cgo Bis-
Adduct (ICBA) shows the higher V¢ of 0.84 V than PC;;BM
due to the lower level of the lowest unoccupied molecular
orbital (LUMO) [5,6].

The environmental stability and lifetime are also impor-
tant issues for the commercialization of solar cells [7-10].
Recently, the inverted BH] (IBH]J) solar cells have advantage
for long lifetime compared to conventional BH] solar cells.
Control of work function by inserting an interlayer and
even convert the polarity of device can be possible. For
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example, highly efficient P3HT:PC;,BM IBH] solar cell with
Cs;CO3 and MoOs interlayers is demonstrated [11].
Although IBH] solar cell with alkali metal compound shows
the improved performances compared to conventional
structure [11,12], Cs atoms can diffuse into active layer
and thus degrade the solar cell performance [13].

Colloidal inorganic quantum dots (QD) such as CdSe are
usually used as an electron acceptor in various organic
photovoltaic cells (OPVs), but power conversion efficiency
(PCE) is still low [14,15]. On the other hand, when CdSe QD
films are annealed at high temperature, absorption coeffi-
cient is reduced and carrier transport is enhanced by the
reduction of adjacent distance between individual QDs
[16]. Therefore, a CdSe QD layer can be used as an n-type
buffer layer in organic IBH] solar cell.

In this paper, an inverted BH] solar cell with a CdSe QD
buffer layer is demonstrated using solution process. A CdSe
QD buffer layer on Cs,COs; improves the performance of
inverted solar cells with a P3HT:ICBA active layer. It is
found that the existence of CdSe QDs layer can protect
Cs-diffusion into active layer, which is confirmed by cross
sectional transmission electron microscope (TEM) - energy
dispersive X-ray spectroscopy (EDS) analysis. Both cell
conversion efficiency and stability can be improved by
introducing a thin QD layer in an inverted OPV.
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Fig. 1. Device and energy band structures of P3HT:ICBA IBH] solar cells.

2. Experiment

The device structure studied in this work is an ITO (150
nm)/Cs;CO3/CdSe QDs/P3HT:ICBA (90 nm)/MoO3 (2 nm)/Al
(100 nm) as shown in Fig. 1. The IBH] solar cells were
prepared according to the following procedure. First, a
0.1 wt.% Cs,CO3 resolved in 2-ethoxy ethanol was spin
coated with 4000 rpm on the patterned ITO glass substrate
and the Cs,COs layer was then annealed at 150°C for
20 min. CdSe QDs (CdSe 590, QD size: 4.0-4.3 nm, Aldrich)
solution dispersed in toluene (5 mg/ml) was spin-casted
with 1000 rpm and then annealed.

Then, 1.5 wt.% of P3HT (Aldrich) and ICBA (Lumtec)
were separately dissolved in 1,2 dicholorobenzene. Active
layer (P3HT:ICBA) is formed using a blended solution with
1:0.6 ratio. The active solutions were spin-casted with
700 rpm and then annealed at 150 °C for 15 min, resulting
in ~90 nm, measured by a surface profiler (ET-3000 Kosa-
ka. Lab. Ltd.). And then, 2 nm of MoOs layer was evapo-
rated on the active layer with a deposition rate of
0.01 nm/s and then 100 nm of Al layer was deposited in a
vacuum of ~10~7 Torr. Then, the cells were encapsulated
with a glass cap and UV-resin to minimize the diffusion
of H,O and O, into OPVs. A current meter (Keithley
2400LV) and a solar simulator (MAX-302) were used to
measure cell performance under AM 1.5 (100 mW cm™2).
External quantum efficiency (EQE) was measured by using
a monochromator (Oriel Cornerstone 130) with a 300 W
xenon light source.

To monitor the trend of degradation, the solar cells
were stored in ambient air at 295 K under ~30% of humid-
ity. The temperature dependence measurements were car-
ried out in a vacuum cryostat system (JANIS CCS-450) of
102 mbar.

Table 1

3. Results and discussion

Fig. 2 shows the J-V characteristics of the IBH] cells un-
der illumination. The cell properties of the inverted IBH]
solar cells are summarized in Table 1. PCE of P3HT:ICBA
cell increases from 4.6% to 5.2% by inserting a CdSe QD
layer annealed at 523 K. Although PCE of P3HT:ICBA IBH]
cell increases by inserting a CdSe QD layer, Jsc is nearly
the same as that without QD layer. Inserting CdSe QD layer
do not affect Jsc and external quantum efficiency (EQE), as
shown in Fig. 2. Nearly the same EQE indicates that both
absorption by a CdSe QD layer and charge transfer between
P3HT and CdSe QD are negligible. On the other hand, Voc
increases from 0.84 to 0.88V and FF increases 63.50-
68.71%, leading to the increase in PCE. This is due to the
lowering of work function of cathode by coating a CdSe
QD layer and thus enhanced electron extraction to cathode
[17-19]. Voc is mainly determined by the energy offset be-
tween HOMO of p-type donor and LUMO of n-type accep-
tor. When we compared the P3HT:PC;;BM and P3HT:ICBA
solar cell, the difference in Voc, 0.61 and 0.84V, is attrib-
uted to the difference between LUMOs of n-type donors
[5,6,11]. On the other hand, Brabec et al. reports that the
cathode with a lower work function induces higher Vg
[20].

Fig. 3 shows the ultraviolet photoelectron spectroscopy
(UPS) data of three kinds of cathode materials, indicating
the shift of 0.45 by Cs,CO3 coating on ITO and additional
0.30 eV shift by adding CdSe QD on Cs,COs. Bare ITO is usu-
ally used as anode, not cathode, due to relatively high work
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Fig. 2. |-V characteristics of P3HT:ICBA IBH] solar cells under illumina-
tion of AM1.5 (100 mW/cm?). The inset shows the external quantum
efficiency of IBH]J solar cells.

The best solar cell performances of P3HT:ICBA IBH] devices with and without a CdSe QD buffer layer. The average value and standard deviation of twelve
samples are noted in parenthesis, respectively. Rs is extracted from the slope of J-V curve [24].

Voc (mV) Jsc (mAfcm?)

FF (%) PCE (%)

Rs (Q cm?)

P3HT:ICBA without CdSe
P3HT:ICBA with CdSe

0.840 (0.832; 0.054)
0.882 (0.881; 0.002)

8.610 (8.302; 0.124)
8.604 (8.574; 0.053)

63.503 (62.812; 0.671)
68.714 (68.142; 0.566)

4.602 (4.352; 0.221)
5.203 (5.171; 0.102)

11.921 (12.522; 0.811)
5.860 (6.120; 0.620)
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Fig. 3. The UPS data of three kinds of cathodes. The inset shows the
expansion of secondary cut-off region to indicate the vacuum level shifts.
While, the UPS curves in cut-off region are overlapped at relatively low
intensity. We calculated the work functions after compensation by Fermi
level of gold.

function. However, Liao et al. report that the effective work
function of ITO decreases by the incorporation of Cs,CO3
[12]. In our measurement, solution processed Cs,CO5 inter-
layer decreases the work function of ITO from 4.55 to
4.10eV and thus can be used for inverted configuration
with MoOs/Al anode (5.12 eV). The hybrid interlayer com-
posed of CdSe QD and Cs,COs layers decreases work func-
tion of cathode to 3.8 eV. Well-matched energy level
between CdSe QD and ICBA, and high electron mobility of
CdSe QD layer leads to higher Voc of 0.88 V and reduce ser-
ies resistance as shown in Table 1[18-20]. Therefore, Vpc
and FF of inverted cells increase by inserting a CdSe QD
layer.

Typically, colloidal CdSe QDs are capped with polymer
ligand such as hexadecylamine. This improves the stability
of organic solvent but acts as a potential barrier between
QDs in film. Therefore, the electrical resistivity of pristine
spherical CdSe QD layer is quite high. Therefore, the device
with CdSe QD without annealing shows poor performance
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Fig. 4. J-V characteristics of P3HT:ICBA IBH] solar cells with CdSe QD
layer which is annealed in temperature range between 423 and 573 K.
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Fig. 5. TEM image of cross-section of P3HT:ICBA IBH] solar cells; (a) the
solar cell without CdSe QD layer, (b) the solar cell with CdSe QD layer, (c)
expanded image of CdSe QD layer interface. Circles indicate the QD size
and inset shows the XRD pattern of CdSe QDs in circles.
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Fig. 6. Variations of solar cell parameters of P3HT:ICBA solar cells with
and without CdSe QD layer for 1 month in ambient air condition. To
exclude the external factors such as infiltration of H,O and O,, cells are
encapsulated by glass cap with UV resin.

of Voc=0.85V, Jsc =8.11, FF = 57.8% and PCE = 3.98%. How-
ever, Drndic et al. report that thermal annealing improves
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the carrier transport in CdSe QD layers [16]. They mea-
sured the increase of currents and observed the decrease
of average distance between QDs by annealing. In addition,
Yu et al. reports that the shrunk CdSe QD layer has high
electron mobility of >1072cm?V-'s~! [21]. Therefore,
the performance of IBH] solar cells with a CdSe QD layer
depends on annealing temperature.

Fig. 4 shows the J-V characteristics under illumination
for the IBH] cells with a CdSe QD layer annealed in between
423 and 573 K. Thickness of pristine CdSe QD layer is mea-
sured to be ~15 nm by a surface profiler. Annealing in-
duces the shrinkage of a coated CdSe QD layer and thus
enhances carrier transport. However, annealing at 573 K
would damage Cs,COs3/ITO. Note that 523 K was used for
annealing for the OPV in this work. Inverted cell structure
is more suitable for application of QD as an n-type buffer
which requires annealing at >500 K.

Fig. 5 shows the cross sectional TEM images; (a) OPV
without QD layer, (b) OPV with CdSe QD layer of 7-
10 nm, (c) expanded CdSe QD region in (b). The CdSe QD
layer was annealed at 523 K. The distance between QDs
is very close and about two QD stack layer leads to

(a) Al

MoO;

7-10 nm. The diameter of a CdSe QD is ~4 nm from (c). In-
set of Fig. 5c shows the X-ray diffraction pattern of a CdSe
QD layer indicating crystalline structure.

IBH]J solar cells with a hybrid n-type interlayer have a
merit in environment stability. By using a Cs,COs buffer
layer in OPV, Cs-diffusion can induce degradation of solar
cells [13]. The degradation of P3HT:PC7;BM IBH] solar cells
with a Cs,COs layer is reported; initial degradation is dom-
inated by the rapid decrease of V¢ and FF, showing expo-
nential decay [11]. The reduction of FF and Voc is also
dominant factor for degradation of P3HT:ICBA IBH] solar
cell without a CdSe QD layer. On the other hand, Voc of
P3HT:ICBA IBH] solar cell with a CdSe QD layer maintains
99% of an initial value during 1 month and decreasing rate
of FF decreases also as shown Fig. 6. Consequently, PCE of
P3HT:ICBA IBH]J solar cell decreases to 96% of an initial va-
lue in 1 month in ambient air.

The Cs-diffusion in active layer in IBH]J cell can be seen
in TEM-EDS analysis as shown in Fig. 7 and Table 2. The
IBH]J solar cells were stored in air condition for 100 days.
EDS data on P3HT:ICBA IBH] solar cells without CdSe
QD layer indicate that Cs could diffuse to position 4

Spectrum 1 Spectrum 2

P3HT:ICBA

Spectrum 3 Spectrum 4

Spectrum 5 Spectrum 1’

Spectrum 3 Spectrum 4

Full Scale 149 cts

keV Full Scale 143 cts

Fig. 7. The EDS data of IBH]J solar cells (a) without CdSe QD layer and (b) with CdSe QD layer. The left indicates the detecting positions. Cs near the ITO
(position 2 in sample without CdSe) is difficult to distinguish due to high intensity of In. The circles indicate the beam incident area with ~10 nm of beam

spot size except 1’ (~15 nm). The summary is shown in Table 2.
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Table 2

The TEM-EDS analysis data of P3HT:ICBA IBH]J solar cells; (a) without CdSe
QD layer and (b) with CdSe QD layer. This table indicates all the elements at
each position in atomic%. The positions are shown in Fig. 7. The EDS beam
spot size is ~10 nm except position 1’ (~15 nm).

Without CdSe  C 0] Al Mo In Cs
Position 1 87.26 11.04 1.70 0 0 0
Position 2 68.72 17.78 0 0 1350 0
Position 3 96.68 3.06 0 0 0 0.26
Position 4 98.15 1.71 0 0 0 0.14
Position 5 97.87 213 0 0 0 0
Position 1’ 58.74 1912 2056 158 0 0
With CdSe C 0] Al Se Mo Cd Cs
Position 1 91.67 833 0 0 0 0 0
Position 2 6790 1054 O 897 0 11.85 0.74
Position 3 97.81 184 0 0 0 020 0.14
Position 4 98.14 186 0 0 0 0 0

(~25.4 nm depth) in the active layer. On the other hand, in
device with CdSe QD layer, Cs components are detected
until position 3 (~13.2 nm depth). The atoms such as Mo,
Al, Cd, Se are quite stable because of the large sizes. For
example, Mo is hardly detected at position 1 (spectrum
1). When we used the larger beam spot size (spectrum
1’) which reaches to the boundary of MoOs layer, the Mo
and Al elements were detected. Therefore, Cs-diffusion
would induce the degradation of IBH] solar cells and the
additional buffer layer of CdSe QD layer is able to retard
the alkali metal diffusion to active layer.

We also investigated the temperature dependence of
Voc under various illumination intensities. The V¢ of or-
ganic photovoltaic cells originates from the energy offset
in active layer. However, V¢ is reduced by lowering chem-
ical potential at the interface or phonon scattering during
the transport process. At specific temperature, Voc in-
creases logarithmically with increasing the illumination
intensity and increases linearly with decreasing tempera-
ture. Fig. 8 shows the Vo versus temperature at various
illumination intensities. In the temperature range between

1.25 T T T
1.20 b ~1.21V lllumination intensity (mWIcmz)
=577 —e-T78.9

145 T —a—100 —y—121 ]
110 F N ]
1.05 F '
1.00 F 110
0.95 s
0.90 F
0.85
0.80 F

0.75 | 120 150 180 210 240 270 300 .

o070 v .
0 30 60 90 120 150 180 210 240 270 300

Temperature (K)

[—e—wio CdSe layer
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Fig. 8. The plot of the temperature dependence of Voc in P3HT:ICBA IBHJ
solar cell with CdSe QD layers with varying illumination intensities. Inset
shows the Voc-T curves of P3HT:ICBA IBH] solar cell with and without a
CdSe QD layer.

120 and 300 K, the slope of V¢ curve shows linear depen-
dence which indicates the less loss of Voc during carrier
extraction. It decreases gradually with increasing illumina-
tion intensity and extrapolated V¢ curves are ideally con-
verged near 0 K. We found that the maximum Vpc of
P3HT:ICBA system is 1.21 V using Eq. (1),

E, nkT In (NVNCukT)

Voc~v=2——— —_ ],
o q a JscLNa

where E, is the band gap of absorption material in classic
PN solar cell [22,23]. In organic BH]J solar cells, it corre-
sponds to the off-set between the HOMO of p-type donor
material and LUMO of n-type acceptor material. The offset
between HOMO of P3HT and LUMO of ICBA is close to the
measured maximum value of Voc. Comparing the maxi-
mum V¢ (0.965 V) of P3HT:PC;,BM solar cells, the LUMO
level of ICBA appears to be ~0.240 eV higher than that of
PC;,BM due to the same usage of P3HT [11].

Linear relationship between V¢ and temperatures indi-
cates the ideal energy level matching between cathode and
LUMO of n-type acceptor. As the work function of cathode
decreases until LUMO of n-type acceptor, Voc increases
gradually. If the work function of the cathode is lower than
LUMO of n-type acceptor, a potential barrier exists for elec-
tron extraction. Therefore, LUMO of n-type acceptor is the
upper limit of cathode for optimized electron extraction
without the electrical energy loss.

(1)

4. Conclusion

We studied the effect of CdSe QD interlayer on the
P3HT:ICBA IBH] solar cell. Inserting CdSe QD layer on
Cs,CO5/ITO cathode decreases the work function of cath-
ode and reduces the series resistance. Therefore, Voc in-
creases from 0.840 to 0.882V, FF increases from 63.5 to
68.7 and PCE increases also from 4.61% to 5.20%. Note that
short circuit current density is almost the same. Insertion
of CdSe QD layer retards the Cs-diffusion into the active
layer and thus improve the lifetime of IBH] cells, which is
confirmed by TEM-EDS analysis. In addition, the maximum
Voc of P3HT:ICBA cells can be 1.205V at 0 K.
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