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Organic and solution-processed
tandem solar cells with

17.3% efficiency
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Although organic photovoltaic (OPV) cells have many advantages, their performance

still lags far behind that of other photovoltaic platforms. A fundamental reason for their
low performance is the low charge mobility of organic materials, leading to a limit on the
active-layer thickness and efficient light absorption. In this work, guided by a semi-
empirical model analysis and using the tandem cell strategy to overcome such issues, and
taking advantage of the high diversity and easily tunable band structure of organic
materials, a record and certified 17.29% power conversion efficiency for a two-terminal
monolithic solution-processed tandem OPV is achieved.

rganic photovoltaics (OPV) is considered to

be a promising choice for next-generation

technology platforms to address the in-

creasing demands for renewable energy,

owing to its many advantages such as
low cost, flexibility, and large-area printing pro-
duction (7-3). Indeed, there has been substan-
tial improvement in the performance of OPV
cells in the past decade, and the record power
conversion efficiency (PCE) has been raised from
~5% to a current value of 14% (3, 4). However,
the performance of OPV cells still lags far be-
hind that of other photovoltaic platforms based
mainly on inorganic materials (2, 5, 6). This has
led to the impression that OPV cells have a lower
performance limit than inorganic material-based
devices. A fundamental reason for this is the low
charge mobility of organic materials (7, 8), which
limits the active-layer thickness of the devices and
efficient sunlight absorption.

The tandem cell strategy is an effective way to
simultaneously address these issues for OPV
cells (9, 10), and furthermore, is probably well
suited for OPV (I11-15). First, the use of tandem
cells would overcome the thickness constraint
of single-junction cells due to the low mobility
of organic materials because wide and efficient
absorption could be achieved by stacking the
active layers with complementary absorption in
tandem cells. Moreover, tandem cells can take
advantage of one of the most important features
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of organic materials, i.e., their great diversity
(16, 17). This is because in tandem cells, active
organic materials in each subcell require dif-
ferent but matching band structures, and such
materials could in principle be designed and
obtained owing to the high diversity, easily tun-
able band structures, and advanced synthesis
of currently available organic materials (18). In
addition, benefiting from this, the thermaliza-
tion and transmission loss can be reduced in the
tandem cells (19). Indeed, tandem cells have also
been pursued widely for OPV, and ~14% PCE has
been achieved (11), which is about the same as
that obtained for the record single-junction cell
(4). The limited performance of organic tandem
cells is primarily due to their limited sunlight
absorption range owing to the lack of optimal
low-bandgap materials for use in the rear subcell,
as most such materials can only absorb photons
with an energy of ~1.3 eV (~900 nm) (11, 14, 20)
and thus are missing a large part of the entire
sunlight spectrum absorption. Another impor-
tant reason is the limited tandem cell current
owing to the absorption overlapping and/or cur-
rent mismatching of subcells. With the above
analysis and guided by a semi-empirical analysis,
we report a solution-processed two-terminal
(2T) monolithic tandem OPV cell with a new
record PCE of 17.36%.

On the basis of previous theoretical work
(9, 21, 22) and state-of-the art experimental re-
sults (3, 11, 14), we first have carried out a semi-
empirical analysis for the possible but realistic
PCE limit of 2T tandem OPV cells under Air
Mass 1.5 Global (AM 1.5G) (details are provided
in the supplementary materials and figs. S1 to
S3). Briefly, in this model analysis, above the basic
assumption for the Shockley-Queisser (SQ) limit
analysis (21), the achievable PCEs (= Jg. x Vi x
FF/P;,, where Jg. is the short-circuit current
density, V. is the open-circuit voltage, FF is the
fill factor, and P;, is the power density of the
incident light) are obtained using the following
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approaches: (i) the J. is assumed to be half of
the theoretical current in the entire absorption
range multiplied by a given external quantum
efficiency (EQE) value; (ii) the V. is the sum of
each subcell’s voltage, while the voltage of each
subcell is determined by the equation eV, = Eg -
Eioss, Where Eg (=1240/honset) is the optical en-
ergy gap of the active layers (23), Ejog is the
energy loss, e is the elementary charge, and
Aonset 1S the absorption onset of the active lay-
ers; (iii) the FF is assumed to be the state-of-the-
art value. Based on these considerations, figs. S2
and S3 give the predicted achievable PCEs of 2T
tandem cells for absorption onset (Aopser) from
900 to 1200 nm, EQE in the range of 65 to 85%,
Ejos in the range of 0.4 to 0.8 eV, and FF in the
range of 0.65 to 0.80. These ranges represent
the most likely achievable ones based on the
state-of-the-art results (3, 4, 24-27), particularly
when considering the wide diversity of organic/
polymeric materials, including the recent devel-
opment of small molecules/oligomer acceptor-
donor-acceptor (A-D-A)-type donors (14, 28, 29)
and acceptors (3, 16). Extracted from these model
results and as one example, Fig. 1A shows the
achievable PCEs (14 to 28%) of the 2T tandem
cells versus Agnset (corresponding to E,) of the
rear-cell active layer, Ey,, and EQE, at a fixed
FF of 0.75. Furthermore, as shown in Fig. 1B, a
PCE of ~20% could be achieved if the Aonset, rear cen
is <1100 nm with an average EQE of 75%, a FF
of 0.75, and a typical Ej,s of 0.6 eV, which is
consistent with other theoretical analysis (I6).
From the model results shown in Fig. 1, C and
D, and fig. S3, Ejs Seems to have a bigger im-
pact on the PCEs. Also, with E,. increasing, the
absorption onset of the rear cell (Aopset, rear cen)
with the maximum PCE has a tendency to blue-
shift (Fig. 1, C and D) (details in the supple-
mentary materials). These modeling results also
indicate that the optimum Aonset, rear ceil> 1-€., the
E; of the rear subcell active layer, is somewhat
smaller than the optimum one from the SQ limit
studies (of ~1127 nm) (9), probably owing to the
large Enss of OPV (30).

On the basis of the model analysis presented
above, we discuss the screening of materials for
use in tandem solar cells. For high-performance
2T tandem cells, various materials with wide
and suitable bandgaps have been chosen for use
in the front subcell (I16). Critically, the first step
is to choose suitable or optimal rear-subcell ac-
tive materials with an infrared absorption onset
up to 1050 to 1150 nm, based on the results shown
in Fig. 1, B and C. This seemingly straightforward
task has actually proved challenging, as a re-
view of the literature (10, 20) and our previous
work (74) indicates that donor materials reported
to date with absorption onset around 1100 nm
essentially all suffer from large Ej,, and only
a few showed high J,. suitable for rear cells (10).
Adding to this challenge is that the performance
of these materials should also have an optimal FF
and EQE in their single-junction cell evaluation.
Fortunately, recent emerging nonfullerene mol-
ecules offer another optimal choice of rear-cell
active materials owing to the widely tunable band
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structure of these A-D-A structures (3, 16). After
careful evaluation, we have found that the non-
fullerene acceptor molecule CO8DFIC (also called
O6TH4F, Fig. 2A) roughly meets these requirements
(4, 31), as it has an infrared absorption onset of
~1050 nm (optical bandgap E; 1.20 €V) and, when
blended with PTB7-Th as donor and PC,;BM as
the secondary acceptor (Fig. 2A and B) (4), a
single-junction device based on it exhibited a high
Js with an EQE >70% in the infrared absorption
range, a FF of 69.7%, and a low Ej,g of 0.51 eV.

Following the choice of rear-cell material, the
next step is to find matching front subcell mate-
rials. From the above analysis, the maximum cur-
rent achievable up to 1050 nm is ~31 mA/cm?,
assuming an EQE of 75% (fig. S1). With the re-
quirement that both subcells must have the same
current governed by the Kirchhoff’s law to achieve
optimal performance for a 2T tandem cell (22),
the predicted best current of such a tandem cell
should be ~155 mA/cm?® A simple check of the

theoretical current versus wavelength plot (fig. S1)
indicates that the absorption onset of the front
cell should be at ~720 nm. On the basis of these
analyses, the front-cell active layer was selected to
use PBDB-T as the donor and F-M as the acceptor
(Fig. 2A and figs. S4 to S7) (32), as this active-layer
mixture exhibits not only an absorption onset
close to 720 nm, but also an optimal current of
~16 mA/cm? and a high EQE (average ~70% in the
range of 300 to 750 nm), FF (69.8%), etc. in their
single-junction device evaluation discussed below.
The performance of the each subcell was first
studied and optimized using the inverted struc-
tures (see supplementary materials for details).
The current density-voltage (J-V) curves of the
optimized single-junction devices are shown in
Fig. 2C, with the performance parameters detailed
in table S1. The single-junction device for the front
cell based on the selected active material of PBDB-
T:F-M has a high EQE response in the range
of 300 to 750 nm (Fig. 2D), giving a current of
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Fig. 1. Predicted PCEs of 2T tandem solar cells based on semi-empirical
analysis under AM 1.5G. (A) PCEs versus EQE and Aonset, rear cell: @S-
suming Ejoss of each subcell in the range of 0.4 to 0.8 eV and a

fixed FF of 0.75. (B) PCEs versus EQE and Aonset. rear cell, aSSUMINgG Ejoss
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and FF of 0.75.
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(Eies=0.6 8V FF=0.75

15.96 mA/cm?, together with a high V. of ~0.94 V
and a FF of 69.8%. The performance of this in-
verted device is slightly different from that of the
regular device (32), and the E, for this single-
junction cell is 0.71 eV. The optimal J is close to
the value predicted for the front subcell required
in the best tandem cell (details in tables S2 to S6).
However, the optimized single-junction devices
using PTB7-Th:06T4F:PC,BM for the rear unit
gave a high current of 27.908 mA/cm? in the range
from 300 to 1050 nm with a V. of 0.69 V, a FF of
69.7%, and a rather low Ej,¢ of 0.51 €V, similar to
that seen in the literature (4). Although the device
showed a broad EQE response from 300 to
1050 nm (Fig. 2D), it has an integrated current of
only 11.2 mA/cm? in the range of 720 to 1050 nm
desired for the rear cell, lower than the best
required current of 155 mA/cm? predicted above
assuming a clear cut-off absorption for the rear
subunit at 720 nm. The single-junction device
using the pair of PTB7-Th:06T4F without PC,,BM

75 80 85
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of 0.6 eV and FF of 0.75. (C) PCEs versus honset, rear cell With Ejoss Of 0.4,
0.5, 0.6, 0.66, 0.7, 0.76, and 0.8 eV, FF of 0.75, and EQE of 75%.
(D) PCEs versus Ejoss and Aonset, rear cenn With assumed EQE of 75%
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Fig. 2. Molecular structures and photovoltaic performance of

the single-junction devices. (A) Molecular structures of PBDB-T,
F-M, PTB7-Th, O6T-4F, and PC5;BM. (B) Normalized absorption spectra
of PBDB-T:F-M and PTB7-Th:06T-4F:PC7BM films. (C) J-V curves and

was also tested, but it gave an even lower cur-
rent (31), as discussed below and in table SI.

After subcell optimization, the inverted tan-
dem cells were fabricated using solution process-
ing, and the detailed optimal results are shown
in tables S7 to S13. The tandem cell architecture
and corresponding energy diagram are presented
in Fig. 3, A and B.

Before the tandem cell optimization, optical
simulation modeling using the transfer matrix
method (33) was conducted to develop guide-
lines for the selection of optimal thicknesses
of the subcells, because one of the biggest chal-
lenges in fabricating efficient 2T tandem cells is
obtaining a high balanced J.. Figure 3C dis-
plays the simulation results of the dependence
of tandem cell J. versus the thicknesses of the
two active layers. On the basis of the optical
simulation, the best Js. would be achieved with
thicknesses of the optimized front and rear
subcell active layers of ~200 and ~120 nm, re-
spectively. The detailed photovoltaic results for
difference thicknesses of subcells are summa-
rized in Table 1 and fig. S8 and discussed in the
supplementary materials. The tandem cells all
showed a V. of ~1.64 V, approximately equal
to the sum of the individual Vs of the subcells,
indicating an optimal interconnecting layer with
good ohmic contact (20), whereas the J. and FF
depended on the thickness of the subcells. Over-
all, the devices all showed excellent performance

Meng et al., Science 361, 1094-1098 (2018)

MoO3/Ag.

with PCEs above 15%. As shown in Fig. 3D and
Table 1, the optimized 2T tandem cells gave a PCE
of 17.36%, with a V. of 1.642 V, J,. of 14.35 mA/cm?,
and FF of 73.7%, verified by the National Center
of Supervision and Inspection on Solar Photo-
voltaic Products Quality of China (CPVT) with a
measured PCE value of 17.29% (fig. S9). It is worth
noting that the optimized tandem cell perform-
ance is well reproduced with a standard devia-
tion (SD) of 0.29% of PCEs based on >50 devices
with an average value of 16.89%, which is close to
the best result (17.36%) (fig. S10).

The EQE of the tandem cell was measured fol-
lowing the protocol proposed in (34), and the re-
sults (Fig. 3E) show high values with an average of
72% in the absorption range from 300 to 1000 nm.
The front cell showed a high EQE response in the
range of 300 to 720 nm with a maximum EQE
value of 76% at ~ 560 nm. The rear subcell ab-
sorbs mainly the low-energy photons (from ~720
to 1050 nm) with a strong EQE response of ~70%
in the range of 740 to 940 nm, and the rear cell
gave an integrated J,, of 14.19 mA/cm? which
closely matches the integrated J. (14.20 mA/cm?)
of the front cell. The high and balanced J,. of the
two subcells is attributed to their complementary
absorptions and high-efficiency photoresponse.
The tandem cells without the secondary acceptor
PC;BM in the rear cell were also studied but gave
PCEs below 16%, owing to the relatively low cur-

rent and FF, which is probably caused by the

14 September 2018

Wavelength (nm)

(D) EQE curves of the single-junction devices based on PBDB-T:F-M
and PTB7-Th:06T-4F:PC7;BM with an architecture of
ITO/ZnO/PFN-Br/active layer/M-PEDOT/Ag and ITO/Zn0O/ active layer/

weaker absorption and lower EQE values in the
range of 900 to 1050 nm (fig. S11). This is con-
sistent with earlier results (4, 31) and probably
due to the morphology difference in the active
layer caused by adding PC,BM (see details in
the supplementary materials).

The optimal J,, obtained was ~14.3 mA/cm?,
which is still less than 15.5 mA/cm? predicted for
the best tandem cell with absorption onset up to
1050 nm. Clearly, an important reason for this is
the effective absorption of only up to ~985 nm
(Fig. 3E) versus the required best absorption of
1050 nm. Also the average (~72%) EQE is still
lower than the 75% used in the analysis shown
in Fig. 1B. Furthermore, the V. obtained for our
tandem cell is ~1.64 V and nearly equal to the
sum of the V. s of the two subcells. However, it
represents 73% of the theoretical value (35), cor-
responding to a substantial Ej,s (0.71 and 0.51eV,
or an average of 0.61 eV) of the front and rear
cells, respectively. Together with recent results
showing E,, for some OPV cells as small as
045 eV E (26), considerable improvement is
expected for reducing Ej. through methods such
as morphological or interfacial engineering in ad-
dition to the optimization of materials (36-39).
Considering the bigger impact of Ej,s on the
overall performance as discussed previously
(23, 30), reducing E,, should be a focus of future
work. The tandem cell FF in this work is as high
as 74%, also slightly higher than that of the
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Fig. 3. Optical simulation and photovoltaic performance of the tan-
dem cells. (A) Device architecture of the tandem cell. (B) Energy level
diagram of the tandem solar cell. (C) Simulated current density generated in
a tandem cell as a function of the thicknesses of the active layers. (D) J-V
curve. (E) EQE and 1-reflectance (1-R) of the optimized tandem solar cell
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and (F) J-V curve of the tandem cells under different light intensities,
ranging from 4.97 to 112.68 mW/cm?. The dashed vertical line at 720 nm
in (E) is the cross point of the EQE plots of the two subcells, and the
dashed vertical line at 985 nm indicates the effective absorption up
position (assuming 50% EQE) of the rear subcell.

Table 1. 2T tandem cell performance with different thicknesses of the subcells. Results are shown as the mean * SD. Values in parentheses denote the

best optimal results.

Thickness (nm)

Voc (V) Jsc (MA/cm?) FF (%) PCE (%)

Front cell Rear cell

120 110 1.646 + 0.008 (1.646) 13.11 £ 0.23(13.32) 73.0 £ 0.6(73.2) 15.75 £ 0.03(16.05)*
135 110 1.634 + 0.005(1.645) 13.76 + 0.27(13.85) 71.2 £1.1(71.6) 16.01 £ 0.35(16.31)*
150 110 1.636 % 0.014(1.642) 14.32 * 0.18(14.35) 72.1£1.4(73.7) 16.89 * 0.29(17.36)t1
165 110 1.630 + 0.012(1.644) 14.21 + 0.18(14.37) 68.3 £ 1.2(69.1) 15.82 £ 0.29(16.32)*
180 110 1631 + 0.010(1.636) 1414 £ 0.25(14.34) 64.9 £1.2(65.9) 14.97 £ 0.32(15.46)*
150 125 1.635 + 0.007(1.626) 14.08 + 0.21(14.19) 69.9 +1.1(70.1) 16.09 £ 0.20(16.17)*
150 90 1.630 + 0.010(1.636) 14.03 £ 0.28(14.00) 69.1 £ 0.8(69.6) 15.80 + 0.22(15.94)*

*The average parameters were calculated from more than 20 devices.

studied under the optimization condition is ~4 mm?.

two subcells with a FF of ~70%, indicating that
the reduced charge recombination in the tandem
cell suppressed the carrier dynamics loss (19), but
still lower than the best FF (80%) achieved (25)
and theoretical values (85 to 94%) for devices
with a bandgap between 1.0 and 3.0 eV (35).
The performance of the optimized tandem
cells was also measured under different illumi-
nation intensities, from 0.05 to 112 sun (Fig. 3F
and fig. S12). The PCEs of the tandem cells remain
above 15% when the light intensity varies from
4.97 to 112.68 mW/cm?, and a PCE of 17.87% has
been achieved at a light intensity of 25.99 mW/cm?
In addition, the tandem cells show good sta-
bility behavior, with only a minor performance
degradation of 4% after continuous testing for

Meng et al., Science 361, 1094-1098 (2018)

166 days (fig. S13). Furthermore, we also fabricated
tandem cells with large areas, and the prelimi-
nary results (table S14) show good performance
even at sizes up to 100 mm?>

The much better PCE of 17.36% compared
with current state-of-the-art levels, together
with the semi-empirical analysis provided, indi-
cate that OPV tandem cells have a greater po-
tential than previously thought, and a PCE >25%
should be attainable with the already achieved
best EQE of 80% (3), Eiss Of 0.45 €V (26), and
FF of 0.75 (25). Considering its other advan-
tages, OPV should be competitive with other
solar cell technologies for industry applications
in the future if the issue of OPV stability can be
addressed.

14 September 2018

1The average parameters were calculated from 84 devices, and the area of the devices
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Organic and solution-processed tandem solar cells with 17.3% efficiency
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Tailoring tandem organics

Tandem solar cells can boost efficiency by using a wider range of the solar spectrum. The bandgap of organic
semiconductors can be tuned over a wide range, but, for a two-terminal device that directly connects the cells, the
currents produced must be nearly equal. Meng et al. used a semiempirical analysis to choose well-matched top- and
bottom-cell active layers. They used solution processing to fabricate an inverted tandem device that has a power
conversion efficiency as high as 17.4%.
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