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ABSTRACT: We demonstrated the inverted solution processed tandem polymer
solar cells, in which transparent pH-neutral poly(3,4-ethylenedioxylenethio-
phene)—polystylene sulfonic acid (PEDOT:PSS) and lithium zinc oxide layers
were used as a recombination layer. We have used poly(di(2-ethylhexyloxy)-
benzo[1,2-b:4,5-b’|dithiophene-co-octylthieno[3,4-c|pyrrole-4,6-dione):[6,6]-phe-
nyl-C¢; butyric acid methyl ester (PBDTTPD:PC;BM) and poly[(4,4'-bis(2-
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ethylhexyl)dithieno[3,2-b:2",3'-d] silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7- S
diyl]:[6,6]-phenyl-C,, butyric acid methyl ester (PSBTBT:PC,,BM) as the active L 2~ Tandem Cells 1
layers for front and rear subcells, respectively. The pH-neutral PEDOT:PSS/LZO 12l -o- Front Cell

serves as an electron- and hole-collecting and recombination layer. Our tandem Rear Cell

solar cells showed a high open circuit voltage (V,.) of 1.54 V, a short circuit 0'0 04 08 12 16
current density (J,.) of 7.55 mA/ cm?, and a fill factor (FF) of 64.79% along with ’ ’ Bias (V) ' )

the power conversion efficiency of 7.53%. The V,_ value of our tandem solar cells

is an ideal summation of V,_ values from front and rear subcells.
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1. INTRODUCTION

Recently, there have been remarkable advances in photovoltaic
technology, especially in multiple-junction photovoltaic devices,
where two or more single-junction photovoltaic devices are
stacked to achieve higher solar absorption.'™'® A multiple
junction photovoltaic device, also known as a tandem cell,
offers various advantages over single-junction solar cells. When
single-junction cells are connected in series, it provides
significantly higher open circuit voltage (V,.), while if they
are connected in parallel, they could obtain higher short circuit
current density (J,.). Today, there are many types of tandem
cells such as small molecules,'** d}fe—se.nsitized,l3’_15 in-
organic,"®*® and hybrid,"*">* as well as polymer**™>” tandem
cells.

In late 2012, Heliatek,*® one of a leading research entities
working on small molecules tandem cells, announced that they
achieved 12% power conversion efficiency (PCE) along with an
impressive V, of 2.19 V. Not long after, Yang et al.*” reported a
10.6% PCE using a band gap material provided by Sumitomo
Chemical. Later in 2013, Janssen et al.’* published a decent
work on triple tandem cells which gives 9.2% PCE. Recently,
Yusoff et al®>' have reported that 8.91% tandem cells
incorporating a highly promising polymer, poly[(4,4'-bis(3-
ethylhexyl)dithieno[3,2-b"":3'-d]silole)-2,6-diyl-alt-(2,5-(3-(2-
ethylhexyl)thiophen-2-yl)thiazolo[5,4-d]thiazole] (PSEHTT).

-4 ACS Publications  © 2014 American Chemical Society

Apart from high efficiency tandem cells, a primary challenge
when fabricating tandem cells is finding an ideal interconnect-
ing layer (ICL) that not only connects, but also physically
separates the front and rear subcells. Previously, researchers
have proposed using transparent conductive oxide for the ICL
due to its low sheet resistance and high optical transparencies in
the visible region, which is beneficial also for photon
transmission. However, these materials are usually deposited
by means of a sputtering process, which can cause plasma
damage to the underlying organic cell, making it less
appealing.>™** On the basis of the aforementioned issues, it
is pretty undesirable to fabricate high efficiency tandem cells
using a sputtering process.

Despite recent advances in photovoltaic technology,
especially tandem cells, reports on high-performance tandem
cells using the inverted architecture remain limited. The
essential challenge lies in designing and constructing the ideal
combination zone of two subcells, the ICL. While comple-
mentary absorptions of the tandem structure meets this optical
prerequisite, the ICL inserted between the front and rear
subcells should not only be robust enough to protect the
underlying layers against subsequent layer depositions but also
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provide effective electrical contact. Fundamentally, the ICL
functions as a zone that brings together the electron quasi-
Fermi level of one subcell and the hole quasi-Fermi level of the
other, adding up the potential of the two polymer bulk
heterojunctions (BHJs). Therefore, the ICL simultaneously
satisfies the prerequisites for a high-performance tandem cell in
optical and electrical properties.

We investigate the tandem cell utilizing inverted architecture,
incorporating a stack of polymeric and metal oxide ICL to
electrically connect two donor—acceptor BHJs that cover a
wide range of complementary absorption. In our inverted
tandem cell, the front and rear subcells were separated by a
transparent pH-neutral poly(3,4-ethylenedioxylenethiophene)—
polystylene sulfonic acid (PEDOT:PSS) and lithium zinc oxide
(LZO) layer. The pH-neutral PEDOT:PSS, acting as hole-
transport layer (electron blocking layer), was deposited using a
spin-coating technique. Because of its high transparency, the
light intensity reaching the rear subcell is high, resulting in
increased photocurrent. LZO was used as the electron transport
layer (hole-blocking layer) with holes from the front subcell
combined with electrons from the rear subcell at the pH-neutral
PEDOT:PSS/LZO ICL. The molecular structures of poly(di(2-
ethylhexyloxy)benzo[ 1,2-b:4,5-b’ ]dithiophene-co-octylthieno-
[3,4-c]pyrrole-4,6-dione) (PDBTTPD)* and poly[(4,4’-bis(2-
ethylhexyl)dithieno[3,2-b:2’,3'-d]silole)-2,6-diyl-alt-(2,1,3-ben-
zothiadiazole)-4,7-diyl] (PSBTBT),* the tandem cell structure,
and the energy band diagram of the proposed inverted tandem
cell are shown in Figure 1. We carefully designed an inverted
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Figure 1. (a) Chemical structures of the polymers (PBDTTPD and
PSBTBT) and fullerene (PC4BM and PC,BM) used in polymer
tandem solar cells. (b) Tandem device structures: glass/ITO/TiO,/
PBDTTPD:PC4,BM/pH-neutral PEDOT:PSS/LZO/
PSBTBT:PC,,BM/MoO,/Ag. (c) Energy diagram of the polymer
tandem solar cells.

tandem cell using pH-neutral PEDOT:PSS/LZO ICL to yield
7.53% PCE. Our results illustrate that an ideally connected
front and rear subcells can be established by this polymeric
stacked metal oxide ICL. In this study, 173 tandem cells were
made, with the best device PCE of 7.53%. In the course of this
study, we fabricated 147 tandem cells with PCEs greater than
7%. It is worth noting that our device performance is not as
good as previously published works; however, our proposed
interconnecting layer can be considered among the best, since
the V,_ for tandem cell is an exact summation of the V__s of the
front and rear subcells.

2. RESULTS AND DISCUSSION

To create a high-performance tandem cell, we carried out
extensive optimization to determine the optimal thicknesses for
the front and rear subcells. Since the two subcells are
electrically connected in series, the photocurrent of the tandem
cell is limited by the lowest photocurrent of either front or rear
subcells. Therefore, the photocurrents of the top and bottom
subcells must be balanced in order to optimize the performance
of the tandem cell. This is primarily accomplished through
control of active layer thickness and proper choice of BHJ
blends possessing different optical band gaps in each subcell.
To establish the right thickness of the BH]J layers in the
inverted tandem cell, separated single-junction solar cells ITO/
TiO,/PBDTTPD:PC4,BM/HTL/Al and ITO/ETL/
PSBTBT:PC,,BM/Mo00O;/Ag were prepared with a range of
active layer thicknesses. For each layer thickness, we
characterized the cells and then determined the spectrally
averaged internal quantum efficiency (IQE) based on the ratio
between the short-circuit current (obtained by integrating the
product of the solar spectrum with the experimental EQE of
the solar cell) and the absorbed flux of photons from the
standard global air mass 1.5 sunlight (AM1.5G).

First, we performed solvent resistance treatments analysis of
pH-neutral PEDOT:PSS/LZO for various different solvents
(chlorobenzene, dichlorobenzene, trichlorobenze, and chloro-
form) as well as LZO thin film characterizations, including
transmittance, refractive index, extinction coeflicient, resistivity,
and Hall mobility. On the other hand, Figure S1 (Supporting
Information) demonstrates the transmittance of LZO layer as a
function of wavelength along with n and k values. From Figure
S1b (Supporting Information), the refractive index decreases
with the increasing wavelength (400—800 nm). Figure Slc
(Supporting Information) shows the extinction coefficient of
the LZO as a function of wavelength. It can be seen that the
extinction coefficient also decreases with the increment of
wavelength. Finally, Table S1 (Supporting Information)
collects the resistivity and Hall mobility values at different
lithium concentration in LZO. On the basis of the above-
mentioned characteristics, including its high Hall mobility and
transparency, we have selected LZO as ICL instead of ZnO.

Figure 2a shows the optical simulation optimization studies
on thermal annealing effects of PBDTTPD:PCyBM. In this
simulation, we used the physical parameters for various
annealing temperatures. This contour plot reveals that an
annealing process between ~105 and 115 °C gives the best J,.
output. Thus, on the basis of this simulation, we designed a
comprehensive study of our front subcell single-junction
devices. The first experimental optimization experiments of
the front subcell are based on PBDTTPD:PC4BM BHJ with
different thicknesses from 70 to 90 nm as well with different
HTLs under 100 mW/cm* AML.5G illumination. Figure 2b
shows the J—V characteristics of the BHJ solar cells with various
thicknesses of BHJ layer. The PCE critically depends on the
thickness of the BHJ layer. The PCEs of the BH]J solar cells are
5.21, 5.77, and 5.10% for the cells with 70, 80, and 90 nm BHJ,
respectively. There is also an increase in the FF from 63.20%
for the cell with thinner BHJ (70 nm) to 67.77% for the cell
with slightly thicker BHJ (80 nm). However, the FF decreases
when the thickness of BHJ increases to 100 nm, leading to a
decrease in the PCE. From the J—V characteristics, we observed
that an 80 nm thick BHJ layer reduces the series resistance (R;)
and increases the shunt resistance (Ry,), leading to improved
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Figure 2. PBDTTPD:PC61BM-based single-junction solar cells
performance with different active layer thicknesses under simulated
AMLSG illumination at 100 mW/cm® (a) Optical simulation of
annealing temperature vs thickness of active layer. (b) J—V curves. (c)
External quantum efficiency. (d) Internal quantum efficiency.

FF and J.. In addition, the device with a moderate BH]J layer
(80 nm) shows an excellent diode quality factor of 1.5 in the
dark J—V characteristics with very low leakage current. The
detailed photovoltaic parameters of the cells with various
thicknesses of BHJs are tabulated in Table 1. Table S2
(Supporting Information) includes the R, and Ry, resistances
for all fabricated single-junction PBDTTPD:PC4BM-based
devices. Figure 2c shows the EQE spectra of the device with
different BH]J thicknesses. The EQE value exceeds 65% over the
wavelength range between 560 and 590 nm for a device with 80
nm BHJ. To fully characterize the performance of the cells, we
also measured the IQE of the PBDTTPD:PCy,BM BH]J solar
cells, as shown in Figure 2d. The IQE is the ratio of the number
of the charge carrier collected by the solar cell to the number of
photons of given energy that is absorbed by the cell. After
measuring the total absorption in the cell through normal
incidence reflectance methods, the mean spectral averaged 40%
with a standard deviation of 2%. It is worth noting that the IQE
value is less than 80%. This indicates that not every absorbed
photon is converted to separate charges in the donor and
acceptor domains and that these photogenerated charge carriers
are collected at the electrodes.

Optical simulation of thermal annealing is again conducted to
find the best annealing temperature for PSBTBT:PC,BM
(Figure 3a). Figure 3a demonstrates that an annealing
temperature of ~160 °C leads to approximately J,. ~ 14
mA/cm® As the temperature gets higher, the J,. becomes lower.
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Figure 3. PSBTBT:PC;,BM-based single-junction solar cells perform-
ance with different active layer thicknesses under simulated AM1.5G
illumination at 100 mW/cm?® (a) Optical simulation of annealing
temperature vs active layer thickness. (b) J—V curves. (c) External
quantum efficiency. (d) Internal quantum efficiency.

Second, experimental optimization has been performed on
ITO/ETL/PSBTBT:PC,,BM/Mo00O;/Ag with different BHJ
thicknesses under 100 mW/cm? AM1.5G illumination. Figure
3b demonstrates that J—V curves depend on the thickness of
the BH]J layer. The V. is not strongly dependent on BH] layer
thickness, where the Vs of 0.64 V can be obtained within the
range of BHJ layer thicknesses of 90—110 nm. The J. increases
from 13.04 to 13.44 mA/cm? as the BHJ layer thickness
increases to 100 nm and reduces to around 12.07 mA/cm?
when the BHJ layer is greater than 100 nm (see Table 2). Table
S3 (Supporting Information) shows the R, and Ry, for all
fabricated single-junction PSBTBT:PC,,BM-based devices.
Due to the diminishing FF and ], PCE clearly decreases
with the increase of the BHJ layer thickness. The film of 90 nm
can deliver a PCE of 4.9% and can achieve 4.94% from 100 nm.
The ideality factor was found to be independent of the BH]J
layer thickness. To obtain information on the contribution of
incident photons of the photocurrent, EQE measurements were
conducted on single-junction solar cells having different BHJ
layer thicknesses. EQE spectra showed similar behavior with
the absorption spectra of PSBTBT, indicating that absorption
wavelengths between 350 and 900 nm are all contributing to
the photocurrent. The EQE curves reached a broad maximum
at 450 nm, remaining at a level of 48% up to 750 nm (Figure
3c). The highest value found was 42% when the same was 100
nm in BHJ layer thickness, which was also the one with the
highest PCE.*® The EQE results are in good accordance with

Table 1. Device Performance of PBDTTPD:PC;BM-Based Inverted Single Junction Solar Cells with Different Active

Thicknesses and Different Hole Transport Layers

active layer thickness (nm) HTL Jie (mA/cm?)
80 wo, 8.02 + 02
70 PEDOT:PSS 9.17 + 0.1
80 PEDOT:PSS 9.46 + 0.01
90 PEDOT:PSS 922 + 0.3
80 V,0; 874 + 0.1
13081

V. (V) FF (%) PCE (%)
0.90 £+ 0.01 63.59 + 0.02 4.59 + 0.12
0.90 + 0.01 63.20 + 0.01 521 + 0.10
0.90 £+ 0.01 67.77 + 0.14 5.77 £ 0.1
0.90 + 0.01 6146 + 0.11 S.10 + 0.02
0.90 63.02 4.96 + 0.21
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Table 2. Device Performance of PSBTBT:PC,,BM-Based Inverted Single-Junction Solar Cells with Different Active Thicknesses

and Different Electron Transport Layers

active layer thickness (nm) ETL J.. (mA/cm?)
80 TiO, 12.85 + 0.1

80 LZO 12.52 + 0.1

20 LZO 13.04 + 0.2

100 LZO 1344 £ 0.1

110 LZO 12.07 £ 0.2

80 AZO 11.64 + 0.1

the J,. values. It is worth noting that if the calculated ], from
EQE spectra is not in a good agreement with the ], obtained
from the J—V characteristics, it indicates that the measured I is
overestimated. The appearance of an EQE curve plateau
indicates that cells harvest efficiently the incident photons,
converting them with a high quantum yield to electric current.
The electrical losses at various BHJ layer thicknesses are
independent of device absorption and attributed to the exciton
and carrier behavior inside the device. The spectrally averaged
IQE was 60%, with a standard deviation of 2%. The variations
in IQE with layer thickness are less than the experimental error
(Figure 3d).

In this study, our tandem cell consists of wide band gap BHJ
(PBDTTPD:PC4BM) stacked with small band gap BHJ
(PSBTBT:PC,,BM). These polymers provide rather efficient
single-junction cells,>>*¢ exhibiting Vs of about 0.9 and 0.64
V, respectively. A stack of pH-neutral PEDOT:PSS and
solution-processed LZO is used as recombination layer.

Figure 4a shows the simulation data as a function of different
thicknesses for the front and rear subcells. One could achieve a
maximum efficiency of 8% with suitable front and rear subcells
thicknesses.

Figure 4b shows the J—V characteristics of front, rear, and
tandem solar cells under AM1.5 simulated illumination with the
intensity of 100 mW/cm?® The solar cell parameters are
summarized in Table 3. Table S4 (Supporting Information)
tabulates the R, and Ry, for front and rear subcells and a tandem
cell. The front (PBDTTPD:PC,,BM) single solar cell exhibits a
V,. of 0.90 V, a J,. of 9.46 mA/cm?, a fill factor (FF) of 67.77%,
and a PCE of 5.77%. The rear (PSBTBT:PC,,BM) single solar
cell exhibits a V. of 0.64 V, a J,. of 13.44 mA/cm? a FF of
57.50%, and a PCE of 4.94%. The tandem solar cell yields a V.
of 1.54 V, J. of 7.55 mA/cm? a FF of 64.79%, and a PCE of
7.53%. The V,. of the tandem solar cell is 1.54 V, reaching
100% of the summation of the subcells V,. values. This
provides evidence that the front and rear subcells were
successful and efficiently connected in series. Furthermore, it
also proves that pH-neutral PEDOT:PSS/LZO serves as a
perfect ICL. In order to get a better understanding of the
proposed ICL, ultraviolet photoelectron spectroscopy (UPS)
was used to determine and understand the origin of the
difference in device performance, specifically the role of the
ICL>” A detailed description is found elsewhere; however, in
brief, due to the fact that the V. of our tandem cell is the ideal
summation of the Vs from the front and rear subcells, there is
a perfect quasi-Fermi level alignment between hole and
electron coming from the front and rear subcells, respectively.
A p—n junction is formed between pH-neutral PEDOT:PSS
and LZO with a negligible offset between the LUMO of pH-
neutral PEDOT:PSS and the HOMO of LZO. This negligible
offset between the LUMO of pH-neutral PEDOT:PSS and the
HOMO of LZO diminishes energy loss when the generated

V. (V) FF (%) PCE (%)
0.64 + 0.01 56.34 + 0.11 4.63 + 0.10
0.64 + 0.01 52.11 £+ 0.10 421 + 0.06
0.64 + 0.01 58.68 + 0.11 4.90 + 0.12
0.64 + 0.01 57.50 £ 0.08 4.94 + 0.10
0.64 + 0.01 S1.76 + 0.14 3.99 + 0.10
0.64 + 0.01 42.54 + 0.10 3.69 + 0.14
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Figure 4. (a) Simulated photocurrent generated in tandem cells as a
function of the thickness of the front and rear active layers. (b) J—V
curves of front, rear, and tandem cells under simulated AMI1.5G
illumination at 100 mW/cm? (c) EQE measured under relevant bias
illumination conditions and correct electrical bias. (d) Stability of the
tandem cells over 60 days. (e) Normalized (to the value obtained at
1700 mW/cm?) J. of tandem cell as a function of illumination
intensity. A tandem cell shows linear dependence on illumination
intensity up to 1700 mW/cm™

Table 3. Device Performance of Front, Rear, And Tandem
Cells

structure  J,. (mA/cm?) V.. (V) FF (%) PCE (%)

front 946 + 001 090 + 001  67.77 £ 0.14 577 + 0.15
rear 1344 + 0.1 0.64 +£0.01  57.50 + 0.08  4.94 + 0.10
tandem 7.55 £ 0.03 154+ 001 6479 +0.03  7.53 % 0.02

hole from the front subcell and electron from the rear subcell
recombine in the ICL. Therefore, the charge conduction and
recombination processes easily take place along with a
neglected voltage drop, and consequently, the obtained V_ in
our tandem cell (1.54 V) is the ideal summation of the Vs for
the front and rear subcells.

dx.doi.org/10.1021/am5029318 | ACS Appl. Mater. Interfaces 2014, 6, 13079—13087
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Moreover, when we introduced another concept of ICLs,*”
these ICLs combined to give a large energy offset, resulting in
large built-in potential across the interface and, consequently, a
limit on the recombination process. Hence, the tandem cell
with other proposed ICLs experience major loss in V.
compared to the tandem cell utilizing pH-neutral PE-
DOT:PSS/LZO ICL.*” The J,. of the tandem cell is about
7.55 mA/cm?, approaching the J,. of the single cells (J,. = 9.46
mA/cm? for front subcell and Joo = 13.44 mA/ cm?® for rear
subcell), which results in only partially overlapped absorption
of the PBDTTPD:PC4BM and PSBTBT:PC,,BM films at the
visible regime and the optical field redistribution in tandem
architecture when both front and rear subcells were stacked.

As one can see, the ] of the rear subcell, which has a thicker
BHJ layer, is not saturated. The increase in photocurrent at
reverse bias (date not shown) is caused by an increased
absorption of the BHJ layer and field-dependent photo-
generation efficiency. There is a slight increase in PCE (from
4.90 to 4.94%) because the J,. in the rear subcell increases to
13.4 mA/cm?, although there is a small decrease in FF from
58.68 to 57.50%.

In addition, a high FF of 64.79% (tandem cell) is retained,
indicating that the photogeneration in the tandem subcells is
relatively field-independent. A high FF in the tandem cell is
achieved because of (i) efficient carrier transport, (ii) the
efficient charge carrier recombination at the designed interlayer,
and (iii) a redistribution of the built-in electric field in the
subcells as a result of the required current matching in the
subcells.*® Furthermore, high FF also indicates that the
proposed ICL (pH-neutral PEDOT:PSS/LZ0O) served as an
ideal junction for both electrons and holes from rear and front
subcells, respectively.

Finally, the gain in V,. (tandem cell), which is more than
offset by the reduction of ], forms the PCE value of the
tandem cell as 7.53%, which is higher than that of either of the
two subcells individually (5.77% and 4.94%, respectively).

The two single-junction solar cells are electronically linked
together by the pH-neutral PEDOT:PSS/LZO ICL (Figure S2,
Supporting Information). Figure S2 (Supporting Information)
shows the ICL that successfully separated the front and rear
subcells. Since the front and rear subcells are connected in
series, this ICL provides a recombination zone of holes and
electrons approaching from the front and rear subcells,
respectively. In order to efficiently extract the holes from the
front subcell and the electrons from the rear subcells, the ICL
needs to provide a quasi-Ohmic contact. Otherwise, insufficient
recombination will result in limited currents in both devices.
The ICL has to act as the anode (with a high work function to
align with the HOMO of the donor) for the front subcell and,
at the same time, as the cathode (with a low work function to
align with the LUMO of the acceptor) for the rear subcell.
Finally, the ICL must be as thin as possible to minimize optical
losses.

Figure 4c shows the EQE of each subcell with the tandem
cell device alongside the absorptance spectra of the
corresponding BHJ layers. Special attention must be given
during EQE measurements of the tandem solar cell because of
the coupled light absorption and current-generation processes
in the front and rear subcell® Thus, in order to precisely
acquire the EQE spectra, EQE measurements were gathered
with two excitation light sources, (i) a 700 nm light optical bias
light beam to excite only one of the subcells and (ii) a 550 nm
light to measure the EQE of the other subcell. The EQE spectra

demonstrates an excellent match in photocurrent generated by
the front and rear subcells. The EQE spectra of the front and
rear subcells strongly follow its absorptance spectra, indicating
that the photocurrents are generated from the
PBDTTPD:PC¢BM and PSBTBT:PC,,BM BH]J layers.

As PCE has recently increased, another important consid-
eration in tandem cell lies in their stability and longevity.
Despite being fully encapsulated, the efficiency of single-
junction solar cell usually deteriorates 25—30% under
continuous illumination (4000 h).* Figure 4d shows a shelf-
life test in air of our tandem cell. The tandem cell with original
efficiency of 7.5% survived for the 5 weeks degradation test,
where the efficiency drops by 22%. However, after 10 weeks of
continuous illumination, the efficiency drops to 3.92%. It is
known that inverted cells usually have better air stability
compared to their counterpart. These observations indicate that
although encapsulation can be considered as one alternative to
alleviate any degradation process, in order to fully understand
the real degradation mechanism as well as to further enhance
the shelf-life of one particular cell, detailed and comprehensive
works are needed.

The normalized ] of the tandem cell with optimized ICL
shows a linear dependence on the illumination intensity for the
tandem cell, as depicted in Figure 4e. The J,. was normalized to
that obtained under 1700 mW/cm® Although executed at
higher light intensities (~1700 mW/cm?), there is no clear
evidence to support that substantial space charge built up in the
tandem cell would cause enhanced carrier recombination and
sublinear dependence of ], on illumination intensity.

Moreover, optimization of BH]J layers thicknesses is crucial in
obtaining a high-performance tandem cell. To access in detail
the balanced optical absorption and current matching, the BHJ
layer thicknesses of the front and rear subcells must be
optimized. Our tandem cell is limited by the photocurrent of
the front subcell; thus, we carried out more optimization to
determine the best current matching. In a tandem cell with
identical or different BHJ layers, the number of absorbed
photons from the incident solar energy,*® charge carrier
transport, as well as bimolecular recombination of charge
carriers’' must be optimized to match the photocurrents
between the front and rear subcells. Low charge carrier
mobilities and unbalanced electron/hole mobilities in organic
solar cells*>* are characteristics of organic solar cells that make
it complicated to match current densities between those
subcells. Thus, a series of tandem cells was carefully designed to
examine the effect of rear subcell thickness on the performance
of the devices. The PSBTBT:PC,,BM BH]J layer thicknesses
were varied from 90 to 130 nm. We set the front subcell BH]J
layer thickness at 80 nm to match the current between those
subcells as well as to keep adequate absorption and photo-
current in the rear subcell.

In order to check the reproducibility of our results, 173
tandem cells were fabricated and measured using optimized
front and rear active layer thicknesses. Histograms of the
photovoltaic parameters are shown in Figure S. As can be seen
from the results, these tandem cells are highly reproducible.

Figure 6 exhibits the ]V curves of various sets of tandem
cells with different PSBTBT:PC,,BM BHJ layer thicknesses
(90—130 nm). The extracted photovoltaic parameters obtained
from J-V curves are summarized in Table 4. Table S5
(Supporting Information) summarizes the R, and Ry, for all
fabricated tandem cells with different rear subcell thicknesses.
In these current-matching experiments, we observed that the
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Figure 6. ]—V curves of tandem cells with various thicknesses of rear
subcells.

Table 4. Device Performance of Organic Tandem Cells with
Different Subcells Thicknesses

active layer

thickness
(front/rear) Jse
(nm) (mA/cm?) Voo (V) FF (%) PCE (%)
80/120 685+ 01 154+001 6413 +011 686 + 0.12
80/130 675+ 01 1.54+001 6273 +£005 650 + 0.06
80/90 623 +£01 154+ 001 4506 + 0.06  4.32 + 0.10

prepared tandem cells exhibit Vs of about 1.54 V, which is the
ideal summation value of the Vs for the two subcells. From
Table 4, the ], and FF change with various PSBTBT:PC,,BM
BHJ layer thicknesses.

As the PSBTBT:PC,,BM BH]J thickness increases to 120 nm,
the tandem cell still performs best when there is a slight
increase in FF. Despite a small decrease in FF, one sees a
decrease in J,. to 6.85 mA/cm?, yielding a considerable decrease
in PCE, where PCE drops from 7.53% to 6.86%. Similarly, as
the thickness of PSBTBT:PC,,BM BH]J layer further increases,
the tandem cell plummeted in both ] and FF. In the case for
130 nm thickness of the PSBTBT:PC,,BM BH]J layer, the ] is
6.85 mA/cm’ FF = 62.73%, and 6.50% PCE. Drastically
reduced photovoltaic performance can be seen in the cell with
90 nm BHJ layer thickness. In this case, the J,. and FF
experience the biggest drop to values of 6.23 mA/cm’ and
45.06% respectively, along with 4.32% PCE.

Since ICL has many functions, we extended our study with
different ICLs. Table S summarizes the J—V characteristics of a
tandem solar cell with five different ICLs under 100 mW/cm?
AML1.5G illumination. Table S6 ( Supporting Information)
collects the R; and Ry, for all tandem cells with different
concepts of ICLs. It is again worth mentioning that ICL should
efficiently collect electrons from one cell and holes from
another and act as an efficient recombination zone for them,
free of potential loss.**** On the basis of the characterization of
front and rear single-junction solar cells, tandem solar cells with
molybdenum oxide/graphene (MoO,/G), pH-neutral PE-
DOT:PSS/polyethylenimine ethoxylated (PEIE), molybdenum
oxide/aluminum/zinc oxide (MoQ,/Al/ZnO), Rhodamine B/
gold (RhB/Au), and RhB ICLs were characterized. As shown in
Figure 7a, the device performance of the tandem solar cells
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Figure 7. (a) J-V curves of tandem cells with different ICLs under
illumination. (b) Impedance spectra of tandem cells with RhB and pH-
neutral PEDOT:PSS/LZO ICLs.

changes significantly when ICL varies. This indicates that in the
tandem cell the ICL plays a critical role in the charge
recombination process. The tandem cell without ICL
demonstrated a V. of 0.13 V, a J,. of 3.71 mA/cm? a FF of

Table 5. Device Performance of Organic Tandem Cells with Different Interconnecting Layers

interconnecting layer Jic (mA/ cm?)

MoO5/G 6.85 + 0.11
pH-neutral PEDOT:PSS/PEIE 6.03 + 0.06
Mo0,/Al/ZnO 6.90 + 0.02
RhB/Au 6.50 + 0.10
RhB 4.14 + 0.10
no ICL 3.71 £ 0.13

13084

Ve (V) FF (%) PCE (%)
142 + 0.02 65.00 + 0.02 6.41 + 0.02
1.28 + 0.01 66.13 + 0.11 5.10 £ 0.11
1.34 + 0.01 3991 + 0.10 3.69 + 0.07
1.40 + 0.01 54.00 + 0.12 491 + 0.02
0.82 + 0.02 11.94 + 0.12 0.39 + 0.10
0.13 £ 0.01 0.20 £ 0.01 0.10 £ 0.11
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0.20%, and a PCE of 0.10%. The reduced photovoltaic
performance of the tandem cell without an ICL suggests that
the front and rear subcells are not electrically connected in
series. The tandem cell fabricated with a MoO5/Al/ZnO ICL
coated on the front subcell led to a remarkable decrease in the
V. from 1.54 to 1.34 V, yielding in an incredible PCE decrease
from 7.53% to 3.69%. The V. for the tandem solar cell with a
MoO;/Al/ZnO ICL is 87% of the sum of the V. of the
individual cells. In contrast, the tandem cell with MoO;/G ICL
shows a smaller value for V,_ (1.42 V), J.. (6.85 mA/cm?), and
PCE (6.41%). The huge difference in the performance between
tandem cells with pH-neutral PEDOT:PSS/LZO and MoO;/G
ICLs seems to be due to the accumulation of charges (holes
within the MoOj layer and electrons within the G layer) as a
result of the poor recombination rate at the interface of MoOj;
and G layers. This led to the decrease in both the current
density through the whole device (J.) and the built-in
potentials (V). The tandem cell fabricated with pH-neutral
PEDOT:PSS/PEIE ICL demonstrated a comparable tendency.
Interestingly, the J—V characteristics of the tandem cell
incorporating RhB ICL have a dominant S-shaped kink curve
with a high R, of 862 Q cm® giving a very low FF of 11.94%.
The S-shaped kink curve corresponds to a considerable energy
barrier for both charge extraction and injection processes. This
energy barrier to charge carrier recombination results in
accumulation of charge carriers, blocks charge extraction, and
should be recombine within the active layers or near the
interfaces of active layer/ICL, which causes V. losses;
subsequently, increases in R, result in a rather bad FF of
11.94%.%*” The S-shaped kink curve has been eliminated with
the incorporation of an Au layer in conjunction with the RhB
layer, which in this case yielded an increase in the FF to 54.00%
and a decrease in the R, to 116 Q cm? This observation
demonstrates that the RhB/Au ICL can provide an eflicient
recombination zone for holes and electrons generated from the
front and rear subcells, respectively, due to the formation of
improved Ohmic contacts. The increase in the PCE from 0.39%
to 4.91% was obtained after the introduction of RhB/Au ICL in
the tandem cell.

To further scrutinize the photovoltaic parameters of tandem
cell with different ICLs, we carried out impedance spectroscopy
measurements of the tandem cells with RhB and pH-neutral
PEDOT:PSS/LZO ICLs. Impedance spectroscopy is a power-
ful method to not only characterize material properties but also
to understand device operation as well as the stability of one
particular system.**~>°

Figure 7b depicts the typical complex impedance plan spectra
of the tandem cells with different ICLs measured in the dark at
zero bias. Figure 7b demonstrates the imaginary resistance over
the real resistance, and there are two semicircles that can be
found, which enables examination of the internal resistance of
the ICLs. The distinctive feature in the complex plan is a
combination of two semicircles that can be seen at low and high
frequencies. The two semicircles are obviously seen with
different diameters (the tandem cell using pH-neutral
PEDOT:PSS/LZO ICL is smaller compared to the one with
RhB ICL). We attribute this phenomenon to the charge
extraction and injection resistance associated with the electron
and hole recombination process in the pH-neutral PE-
DOT:PSS/LZO ICL. Moreover, the resistance of the tandem
cell integrated with pH-neutral PEDOT:PSS/LZO ICL is
smaller (1 Q mm?) than that of the tandem cell with RhB ICL
(6.3 Q mm?). Thus, one could easily see that pH-neutral

PEDOT:PSS/LZO ICL improved the tandem cell performance
due to its less resistive ICL, which electrically connects the
front and rear subcells.

3. CONCLUSIONS

In conclusion, we have demonstrated that high and low band
gap polymers successfully fabricate the solution-processed
inverted tandem solar cell. The tandem cells featuring a stack
of polymeric/metal oxide ICL exhibit a PCE of 7.53% and a V_
of 1.54 V. The nature of the ICLs has a strong influence on the
output characteristics of the tandem cells. We studied various
ICLs and demonstrated that the pH-neutral PEDOT:PSS/LZO
stack possesses the appropriate carrier density and energy-level
alignment to efficiently connect those two subcells. The
advances presented here provide pathways for the design of
an effective ICL in a solution-processed tandem cell.

4. EXPERIMENTAL SECTION

4.1. Materials. We purchased pH-neutral PEDOT:PSS from
Sigma-Aldrich (Orgacon N-100S, 739324, pH 7, viscosity 3.6, solid
content 1.2%). A low band gap polymer, PSBTBT, was supplied by
Solarmer. A high band gap polymer, PBDTTPD, with an average
molecular weight of 10 000—50 000 along with PDI < 3.0, fullerenes
(PC4BM, and PC,,BM), MoO,, PEIE, and titanium(IV) isopropoxide
were obtained from Sigma-Aldrich. All materials were used without
further purification.

4.2. Solution Preparation. LZO solution preparation has been
published elsewhere.”® The preparation of TiO, solution was
completed according to a previously published article,®>" where
titanium (IV) isopropoxide was used as precursor.

4.3. Device Fabrication. Single Junction Fabrication (Front
Subcell). We cleaned ITO-patterned glass substrate in sequential
ultrasonic baths in detergent, water, acetone, and 2-propanol, followed
by 15 min UV—ozone treatment. TiO, was spun-cast at 1000 rpm (1
min) for 20 nm and baked at 100 °C for 10 min. Then the BH]J layer
was spin-coated on the TiO, layer. The active layer was spun-cast at
700 rpm/1 min and baked at 115 °C for 10 min from solutions of
1:1.5 (wt/wt) PBDTTPD:PC¢BM in chlorobenzene, which had been
dissolved overnight. A total solution concentration of 20 mg mL™" was
used for the PBDTTPD:PC4BM device to produce an active layer
thickness of 80 nm. Fifteen nanometers of pH-neutral PEDOT:PSS
was spin-coated at 4000 rpm for 1 min and baked at 100 °C for 5 min,
followed by 100 nm of Al, which was thermally evaporated under
vacuum (<1077 Torr) to provide the anode electrode, with a device
area of 0.04 cm”.

Single-Junction Fabrication (Rear Subcell). We cleaned ITO-
patterned glass substrate in sequential ultrasonic baths using detergent,
water, acetone, and 2propanol, followed by 15 min UV-—ozone
treatment. Thirty nanometers of LZO was spin-coated at 4000 rpm for
1 min on the ITO substrates and baked at 120 °C for S min. Next, the
100 nm active layer was spun-cast on the LZO layer. The rear subcell
active layer was spun-cast at 4500 rpm for 1 min from
PSBTBT:PC,,BM (1:1) in chloroform (10 mg of PSBTBT/1 mL of
solvent) followed by thermal annealing at 150 °C for S min. After spin-
casting the active layer, the samples are transferred into the
evaporation chamber for depositing the MoO; (S nm)/Ag (100
nm) electrode with a device area of about 0.04 cm?.

Tandem Devices Fabrication. Prepatterned ITO-coated glass
substrates were cleaned as mentioned above. TiO, was spin-cast
onto the cleaned ITO substrate at 4000 rpm for 1 min and left for 1 h
for hydrolysis process. Later, the 20 nm TiO, layer was baked on a hot
plate at 100 °C for 10 min, and 80 nm PBDTTPD:PC4BM for the
front subcell was spin-cast at 700 rpm for 1 min. The
PBDTTPD:PCy,BM was then baked at 115 °C for 10 min. Following
the front BH]J layer deposit, a 15 nm layer of pH-neutral PEDOT:PSS
was spin-cast at 4000 rpm for 1 min and baked for S min at 100 °C on
top to form the first ICL (Figure S3, Supporting Information). Prior to
the deposition, the pH-neutral PEDOT:PSS was mixed with PTE
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(pH-neutral) in order to get better wettability. The LZO layer was
then spin-cast at 4000 rpm for 1 min and annealed at 120 °C for S min
to complete the ICL (30 nm). Afterward, the rear subcell BHJ layer
was spin-cast; the thickness was controlled by the spin-coating speed.
The 100 nm PSBTBT:PC,,BM was annealed at 150 °C for 5 min.
Finally, the sample was transferred into the evaporation chamber for
depositing 5 nm of MoOj; followed by 100 nm of Ag as the top
electrode; the device area was 0.04 cm?.

4.4. Device Characterization. For tandem solar cells, the layers
comprising TiO,/PBDTTPD:PC4BM/pH-neutral PEDOT:PSS/
LZO/PSBTBT:PC,,BM were electrically isolated using toluene and
methanol along the perimeter defined by the top electrode to avoid
the fringing effects and prevent overestimation of the photocurrent
generated by the tandem cell. During the measurements and stability
tests, a shadow mask (0.04 cm?®) with a single aperture was placed onto
the tandem solar cells in order to define its photoactive area, and the
device was illuminated at an intensity of 100 mW/cm?* from a 1 kW
solar simulator with an AM 1.5G filter in air. The light intensity is
calibrated by a certified Oriel reference cell (91150 V). The current
density—voltage (J—V) characteristics were recorded with a Keithley
2410 source meter. The external EQE measurements were performed
using an EQE system (model 74000) obtained from Newport Oriel
Instruments USA, and a HAMAMATSU calibrated silicon cell
photodiode was used as a reference diode. The wavelength was
controlled with a monochromator to be 300—900 nm.

Optical Simulation. We used our optical and electrical simulation
tools for tandem polymer solar cell based on the transfer matrix
formalism.** These tools determine the current density and power
conversion efficiency based on a few factors, such as light transmission,
reflection, absorption charge carrier transport including bimolecular
recombination, exciton generation, dissociation probability, decay rate,
dielectric constant, density of state, and carrier mobility.
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